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Flame Synthesis of Nanomaterials for Alternative Energy Applications 
Justin M. Roller, Ph.D. 
University of Connecticut, 2014 
Flame synthesis is a nanoparticle formation and thin-film deposition process that is 
continuous, scalable, and adaptable to creating a variety of microstructural architectures 
with multi-element components. Control of both microstructure and chemical 
composition are key qualities to harness the potential of nanotechnology so that 
widespread uptake in the market can occur. This thesis explores the process-structure 
relationships that exist in the flame synthesis of platinum. Process parameters such as 
stoichiometry, fuel composition, and quenching are investigated in relation to their 
effect on microstructure. A study of the RSDT hardware configuration, stable operating 
ranges for key process parameters, and geometry is examined. These process conditions 
are then related to the evolution of morphology in the synthesized Pt nanoparticles. Two 
case studies using Pt, deposited as films, for both oxygen reduction and hydrogen 
evolution are presented to illustrate the electrochemical response of different systems 
using catalysts produced by flame synthesis. A third case study explores the bimetallic 
IrxPt1-xO2-y and IrxRu1-xO2-y systems synthesized by a RSDT for oxygen evolution of 
water in an electrolytic cell.  
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SECTION I: 
INTRODUCTION  
 2
CHAPTER 1:  
Flame Synthesis of Materials 
1.1 Introduction 
Significant barriers exist to large scale implementation of alternative energy. Cost, durability, 
and scalability represent immediate hurdles to rapid uptake of these technologies. A key link 
between the different technologies required to harness and efficiently store this energy involves 
electrochemical oxidation and reduction. These reactions occur on catalysts formed into an 
electrode. Electrodes, in the context of this thesis, refer to thin (<1 µm) or thick (1-25 µm) films 
of catalyst that have been deposited on an electrolyte or conducting carbon substrate. The film 
cost is primarily driven by the base price of the catalyst elements, capital costs, power 
consumption, scrap rate and labor. Increasing the surface to volume ratio of the catalyst by 
creating nanoparticles is one strategy to utilize more of the active element. Reducing the particle 
size increases the surface as:    	



	
  	 . When accounting for the density (i.e., Pt is FCC 
with 21.45  ) a chart of surface area versus particle size illustrates the effect that reducing 
particle size has on the surface area, see Figure 1.1A. Particle size, when reduced to the 
nanometer scale, also has a profound physical effect on the melting temperature, as shown for 
gold in Figure 1.1B [1]. This effect can be understood using a macroscopic example of balancing 
forces in a bubble. The inner,  , and outer pressures  are balanced by the surface tension,  
and curvature, 	 , giving     	 . Mechanical work, , is needed to increase the surface 
area,    .  The mechanical work is supplied by blowing gas into the a film and 
 increasing the internal pressure.
difference by an amount proportional to the curvature (Young
temperature and pressure the surface tension
surface as . A phase transformation, such as melting
free energy per volume of the solid, 
as a vertical shift in proportional to 
the Gibbs free energy per volume of the liquid, 
decrease the melting point [2].  
Figure 1.1: The effect of particle size
point of Au particles (•) experimental and (
dependent melting point depression 
3
 A smaller radius bubble will stabilize a larger pressure 
-Laplace equation).
, in the bubble, equals the Gibbs free energy per 
, is analogous since
, increases with a decrease in the radius of a solid, shown 
 in Figure 1.1C. The effect is to move the intersection of 
, with the  to lower temperature
 on the physical properties of A) Pt surface area B
−) theoretical [1], and C) the driving force for size 
[2].  
 At constant 
 the Gibbs 
s and thus 
 
) melting 
 However, decreasing the particle size alone is not sufficient to increase the nanoparticle 
catalyst utilization on a mass basis since the proportion of extended planar facets (where many 
reactions selectively occur) is decrease
can also accelerate dissolution and Ostwald ripening in electrochemical systems
compromise between size and surface is necessary.
Film formation processes require synthesizing the c
binder, applying the ink to a suitable substrate, and then drying. Often times the ink is applied to 
a suitable decal such at Teflon and then pressed into the required electrolyte; this requires 
additional processing time. Figure 
traditional wet-processing techniques 
‘X’ represent areas that can be eliminated
approach to combine catalyst synthesis
Figure 1.2: Fabrication flow diagram for proton exchange fuel cells (PEMFC) with process 
saving steps inherent in flame spray pyrolysis
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 [3]. Therefore a 
 
 5
As an example, the current commercial membrane electrode assembly (MEA) process for 
electrolysis involves mixing and grinding the catalyst with binder, fabricating the decal, 
sintering, and pressing at elevated temperature and pressure to laminate the decal to the 
membrane. In addition, the decal fabrication is sensitive to environmental conditions and 
requires humidity and temperature control. Current Pt and IrO2 loadings are very high (>1 
mgmetal/cm2 and electrolysis membrane electrode assemblies (MEAs) do not typically use carbon 
supported catalysts as they would corrode at the high potential of the oxygen electrode. MEAs 
typically used for fuel cells also require an ink-based process with a decal transfer step. Major 
issues are the ink shelf life, which can be on the order of hours, and ink waste due to loss in the 
print media. Reducing the amount of catalyst used also makes an impact on overall energy usage. 
A novel method of applying the catalyst to the membrane which addresses the issues of energy 
use, catalyst utilization within the electrode, and scrap would represent a significant step toward 
cost reduction and faster market adoption.  
Flame technology is best known for large-scale production of carbon black [4]. Global 
carbon black production is forecast to be 11.6 Mt/year in 2013 with 70% going to tires and 20% 
for rubber [5]. Carbon black gives a tenfold increase in wear resistance of the tires and is 
responsible for their distinctive black color. The other common powders produced by flame-
based methods in large quantities include: titania (e.g., Degussa P25 TiO2) produced at ~0.2 
Mt/year for pigments; ZnO (0.6 Mt/year) as an activator for rubber vulcanization, pigment or 
pharmaceutical additive; and fumed silica (~0.2 Mt/year) as a powder flowing aid, cosmetics 
additive, and in fabrication of optical fibers for telecommunications [6]. Variants of the industrial 
process have been developed by many groups to make Al2O3, Fe2O3, BaCO3, CeO2, Pt, 
monoclinic Y2O, and tetragonal ZrO2 among others [7-16]. These examples suggest that large 
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scale manufacture of powders by flame spray pyrolysis is not only possible but already a mature 
industry for certain commodity chemicals [7]. 
As a means to increase the utilization of the catalyst and induce metal-support 
interactions catalyst supports are routinely used. Various grades of carbon black, which 
incidentally are produced using large-scale flame combustion technology [4] are common. Ceria 
[17], WC [18], indium tin oxide [19] and oxygen deficient titania (TinO2n-1) [20] are also 
promising catalyst supports.  
In this work, a one-step method for producing a catalyst, attaching (i.e., anchoring) it to 
different supports, and then sequentially forming a thin-film (directly from the vapor phase) will 
be explored. Traditional wet-processing and spray pyrolysis techniques are also discussed in 
terms of their limitations and similarities to flame spray pyrolysis. This thesis aims to investigate 
and identify mechanisms and microstructural features unique to catalyst synthesis via a non-
liquid and open-atmosphere approach. Control of both microstructure and chemical composition 
are key qualities to harness the potential of nanotechnology so that widespread uptake in the 
market can occur. This thesis explores the process-structure relationships that exist in the flame 
synthesis of platinum. Process parameters such as stoichiometry, fuel composition, and 
quenching are investigated in relation to their effect on microstructure. A study of the RSDT 
hardware configuration, stable operating ranges for key process parameters, and geometry is 
examined.  Two different technology platforms will be used to evaluate the catalysts; these 
include oxygen reduction for fuel cells and oxygen evolution/hydrogen evolution for electrolysis. 
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1.2 Historical Approaches to Catalyst Synthesis  
Traditional approaches to the manufacture of catalysts and supported-catalysts (i.e., a catalyst 
attached to another material to increase the dispersion and prevent self-diffusion with loss of 
surface area) are characterized by batch processing and reactions in the liquid phase. Many of the 
methods required for catalyzing Pt onto carbon were borrowed from the petroleum industry 
where catalysts require 1-10 wt.% of Pt on the carbon. However, due to mass transport 
limitations of the reactants and products in a PEMFC the thickness of the electrode must be taken 
into account to avoid underutilization of Pt [21]. This necessitates Pt to be above 20 wt.% and 
usually around 50 wt.% on the carbon.  
Catalyst preparation is traditionally divided into two broad categories: precipitation and 
impregnation (with such variants as ion exchange, deposition, and grafting) [22]. The distinction 
between the two methods is whether the active catalyst is generated from a dry or wet state.  
Precipitation of the Pt occurs in the liquid phase whereas impregnation results from drying the 
metal salt on the carbon support followed by heat-treatment under reducing conditions to 
decompose the salt. In order to impregnate Pt precursor on a hydrophobic support (e.g., carbon) 
the surface must contain oxygen complexes to improve wettability so that the impregnation with 
polar solvents is easier. Precipitation results in a discontinuously formed phase-separated solid 
and co-precipitation is used to make multi-metallic oxide catalysts. Precipitation is induced by a 
change in pH or the addition of a reducing agent.  
 The substrate used in both impregnation and precipitation can be pre-conditioned (e.g., 
surface oxidized, etched and aggregated) prior to linkage with the forming metal. The mounting 
of dissolved aqueous precursors on oxide supports is also generally accomplished by the 
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impregnation method: a procedure whereby a certain volume of solution containing the precursor 
of the active element of the catalyst is contacted with the solid support. If the volume of solution 
either equals or is less than the pore volume of the support, the technique is referred to as 
incipient wetness and has the advantage that the metal is only deposited within the carbon’s 
pores network. Impregnation suffers drawbacks during scale-up due to dry mixing the carbon 
blacks and poor wetting due to the hydrophobic nature of the carbon surface [23]. Drawbacks to 
the ion-exchange methods are the requirement of a large number of active ion-exchange sites (to 
achieve a good dispersion and higher loadings); these sites are limited on non-functionalized 
carbon blacks limiting the upper Pt ratio on the support. Precipitation methods also require a 
high-density of functionalized sites for attachment of onto the carbon.  The low temperature at 
attachment can create weak metal-support interaction unless high temperature post-annealing is 
included in the process.   The annealing can lead to coarsening of the catalyst and loss in surface 
area.  
     Due to the high cost of Pt in PEMFC catalysts, mounting of the catalyst (preferably as 
monodisperse nanoparticles) onto the surface of a second material to disperse (i.e., support) the 
active catalyst is paramount. The attachment or anchoring can occur by physisorption and 
chemisorption depending on the nature of the bonding between the metal and carbon. In physical 
adsorption there is no significant redistribution of electron density between the substrate and the 
adsorbate whereas in chemical adsorption a chemical bond is formed.  
     The heritage support material consists of various grades of carbon black which are 
produced using large-scale flame combustion technology [24]. The procedure for catalyzing 
requires i) dissolving the metal compounds in water, ii) adding sequentially to an aqueous basic 
slurry of carbon iii) reduction iv) washing and v) heat treatment. Inks containing the 
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electrocatalyst powders are usually ball milled to convert the wide distribution of aggregate sizes 
to the requisite agglomerate size for optimal suspension and subsequent spraying. Unfortunately 
ball-milled composite catalysts can remain stuck to the walls of the reaction vial and grinding 
balls instead of being recovered as a powder [25,26]. The solvent polarity, the precursor solution 
pH, the cationic or anionic nature of the metal precursor and the support properties (isoelectric 
point and surface complexes) are critical parameters for catalyst dispersion [27]. Verde et al. 
tabulated the use by various groups of hexachloroplatinic acid (H2PtCl6) and tetrammineplatinum 
(II) chloride (Pt(NH3)4Cl2) for Pt precursors supported on different carbonaceous materials using 
a range of different methods [28]. Chloroplatinic acid (H2PtCl6 ⋅ 6H2O) is a common anionic and 
water soluble Pt precursor that can be reduced in acidic solution into a colloid; the chloride salt is 
produced by dissolving platinum metal sponge in aqua-regia. Tetraamine platinum chloride 
(Pt(NH3)4Cl2 ⋅ xH2O) is a cationic Pt source having ionic character at the opposite end of the 
spectrum and favoring use in basic solutions. The aqueous carbon slurry can be rendered basic 
by the addition of sodium bicarbonate (which also functions as a buffer) [29], ammonia [27], 
ammonium hydroxide [30] and acidic by the addition of sodium carbonate [31]. Dispersing the 
platinum containing salts in water or organic mixtures is often done using ultrasonics. 
     The sulfito route utilizes a solution of Pt(II) sulfite precipitated onto a carbon substrate 
via H2O2 [30,32]. The Pt (II) sulfite is prepared by a reaction of chloroplatinic acid with excess 
sodium bisulfate forming Na6Pt(SO3)4 and thus removing any catalyst poisoning chlorides [23]. 
Colloids of platinum oxide are formed on the carbon supports during a final chemical reduction 
of the colloid/carbon using H2 [33]. An example of this method by Friedrich et al. used 
Na6Pt(SO3)4 dissolved in 0.5 M and pH adjusted to 5 by the addition of a 10% NaOH solution 
[34]. 30% H2O2 was then added and pH readjusted to 5. A slurry of Vulcan XC-72R in water 
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was then slowly added to the solution followed by H2 bubbling. Finally the mixture was then 
filtered and washed with water the powder then dried at 80 °C overnight.  
     A colloidal route developed by Bönnemann et al. known as the ‘precursor concept’ 
involves pre-preparing a colloidal metal or bi-metallic catalyst and then dispersing onto the 
desired support [35]. An obvious advantage of the precursor concept over the conventional salt-
impregnation method is that both the size and the composition of the colloidal metal precursors 
may be tailored independently of the support. Pt nanoparticles for instance can be synthesized by 
stirring PtCl2 in tetrahydrofuran (THF) under argon [36]. Tetraoctylammonium hydroborate is 
slowly added as a reducing agent and stirred overnight. Acetone is added to destroy any 
unconverted reducing agent followed by precipitate removal and finally washing in 1:1 
ether/ethanol resulting in a greyish black metal with a monodisperse particle distribution. With 
slight modifications the process is extendable to bimetallics [33]. The supported catalyst is 
manufactured by dipping the supports into organic or aqueous media containing the dispersed 
precursor at ambient temperature to adsorb the pre-prepared particles.  
In all of the aforementioned methods the precursor and support must undergo a chemical 
reaction, the solution must then be filtered, several washing steps are typical to remove residual 
reactants, thermal treatments are common, and then the powder is dried. To form these powders 
into a usable electrode requires further purification of the powder, slurry formation, film 
application, and subsequent drying. These multiple washing, drying and film formation steps 
generate excess organic waste, increase the processing time, result in scrap losses on the reactor 
walls, can result in coarsening during thermal treatment, and generally increase the cost of 
production.  In order to avoid the added processing steps required by wet-powder methods a one-
step spraying process that can generate the catalyst and efficiently deposit a film would represent 
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a significant cost saving. New morphologies and mixtures could also be explored based on non-
equilibrium processing conditions. Spray pyrolysis was one of the first aerosol approaches used 
to make catalyst nanoparticles from a vapor phase and became the precursor to flame based 
processing.    
1.3 Historical Approach to Electrode Application 
The ability of a deposition process to scale and handle large volumes consistently is paramount 
to commercialization. It has been estimated that hundreds of millions of MEAs per year would 
be needed to supply the laptop computer market [37]. The U.S. Navy and the U.S. Coast Guard, 
have announced that immediate commercial potential of 15,000 units for shipboard fuel cells in 
the 500 kW to 1500 kW range over the next 5 years [38].  Ford joined a new cooperative 
agreement with Daimler, and Renault-Nissan to jointly develop a common fuel cell system with 
the goal of producing “…the world’s first affordable, mass-market fuel cell electric vehicle as 
early as 2017” [39].  High volume production in the automotive market will require upwards of 
200,000 stacks per year each consisting of several hundred cells with each cell having two 
electrodes applied. This equates to ~50 electrodes per minute [39]. Clearly, mass production of 
MEAs will be crucial in the commercialization of PEM fuel cells. 
A good overview of traditional fuel cell design and electrode manufacturing techniques was 
reviewed by Metha and Cooper in 2003 [25]. Electrode fabrication falls into two distinct 
manufacturing methods. The first is ex-situ (i.e. indirect) electrocatalyst powder formation 
followed by ink formation and then electrode manufacture. The second method is in-situ (i.e. 
direct) electrocatalyst formation, whereby the catalyst is formed by the process and then 
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impinges immediately on a substrate. The indirect technique requires three distinct steps with a 
concomitant price premium for catalyst manufacture, line losses, and scrap increasing with each 
step. The catalyst powder for the indirect formation is achieved by solution 
precipitation/impregnation techniques.  
In-situ electrocatalyst formation involves forming either the supported, platinum/carbon 
(Pt/C), or unsupported catalyst directly onto the proton exchange membrane (PEM) or gas 
diffusion layer (GDL). Common processing techniques that allow un-supported platinum 
deposition include physical vapor deposition (PVD) [40,41], chemical vapor deposition (CVD), 
and electrochemical deposition [42] . Flame spray pyrolysis has not been thoroughly studied as a 
direct deposition technique for Pt deposition and therefore represents a unique avenue for further 
study.   
Direct deposition techniques offer many advantages over bulk ink processing techniques by 
eliminating steps of impregnation, washing, drying, calcination and reduction. Most of the 
drawbacks of traditional synthesis such as redistribution of active sites during drying, surface 
poisoning during impregnation, and migration or agglomeration of particles during sintering are 
avoided by the direct method.   
There are two approaches to applying the electrodes that will form the final MEA. The 
electrode can be applied either to the electrolyte or to the gas diffusion layer (GDL) [25]. 
Application on the electrolyte is referred to as the catalyst coated membrane (CCM) [43-47] 
approach while deposition on the GDL is referred as the catalyst-coated GDL (CCG) [48]. A 
third approach, the decal transfer method, is to deposit the electrode onto a backing film (i.e. 
Teflon or polyimide) and then press this into the electrolyte. This third approach avoids swelling 
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and deformation in the membrane that occurs upon contact with the solvents in the ink/slurry 
which results in deformation and/or non-uniform catalyst distribution [49].  
The CCM and the decal methods employ coatings applied by spray, slot-die, roll, screen 
printing, and blade methods [50-54]. In slot die coating the ink rheology is optimized so that a 
precisely metered amount is pumped through a precision slot and applied at close proximity onto 
a moving substrate. The moving substrate can be the membrane, GDL, or a dimensionally stable 
release agent [55]. Alternative methods for applying the electrocatalyst coating composition onto 
a substrate may be used including patch coating and screen printing or flexographic printing. 
Spraying directly on the electrolyte is typically lengthy due to the multiple spraying passes 
necessary to obtain a uniformly thick 10-20 mm layer with 0.05-0.2 mg/cm2 loading of Pt. 
Overspray of the valuable ink and losses in the line further hinder this approach. The upside to 
this approach is that intimate contact between the catalyst layer and membrane manifests as 
lower ionic resistances.  
For CCG and decal methods the electrodes are attached to the electrolyte via high 
temperature and pressure steps using hot-plates. However this method typically suffers from 
relatively low contact area between the membrane and catalyst layer [56]. The decal method 
avoids the membrane swelling but the use of a release film (to allow for transfer from the 
backing film) and the pressing step increase the cost [57]. The contact between the catalyst layer 
and membrane is even worse than the CCG approach.   
Slot-die coating is an established technology for many industries. Companies keep the exact 
details of the operations as tightly held trade-secrets. However, DTI as part of the Department of 
Energy’s Hydrogen Program has estimated that catalyst application using a dual-sided vertical 
coating process could coat membrane rolls up to 1 meter in width at a line speed of 10m/min at a 
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capital cost of $750,000 [58]. The analysis considers use of the commercially available Coatema 
VertiCoater to simultaneously apply catalyst to both sides of the membrane followed by infrared 
jet-drying. 
One of the most promising approaches to electrode manufacture being developed is the 
Nanostructured Thin Film Catalyst (NSTF) deposition process [58]. It begins with a layer of 
Perylene Red pigment 149 deposited by PVD onto Kapton® (a temporary substrate). The 
pigment is then annealed to create crystalline whiskers that form the backbone upon which the 
active catalysts may be deposited. Next, magnetron-sputtered ternary catalysts are deposited as a 
very thin layer onto the whiskers in a very precise and even manner. In the final step the catalyst 
is transferred to the electrolyte membrane by roll-to-roll process and calendered to form a porous 
electrode intimately bonded to the membrane.  
The multiple processing steps, need to coat backing films, use of vacuum, separation of 
catalyst manufacture and electrode processing steps, swelling of the membrane from inks, and 
the batch nature of the currently available electrode processing techniques leaves ample room 
improvement. A process that could reduce the number of steps, eliminate the need to physically 
touch the wet membrane, and that could produce the catalyst and electrode without having to 
contend with solvent waste would represent a breakthrough in processing. However any spray-
based approach must eventually reduce/eliminate overspray, prevent the process stream from 
escape through the vent system, and result in efficient transfer rates to meet the high volume 
manufacturing requirements needed for industry. One of the most studied materials processing 
methods for spraying is spray pyrolysis. This approach also has many analogous process 
variables and formation pathways in common with flame spray processing. A brief review of that 
body of literature will form a good foundation for understanding flame spray pyrolysis.     
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1.4 Spray Pyrolysis 
The history of flame spray pyrolysis is rooted in spray pyrolysis (SP). SP offers many advantages 
over conventional processing techniques including purity of the product, size uniformity, and 
reduced processing steps [59,60].   In this process an atomizer is used to create droplets 
comprising a metal-salt (i.e. the precursor) dissolved into a solvent. The spray is then directed 
into a heated zone. Traditionally the heated zone is a substrate on a heating plate whereby the 
solute can breakdown by several pathways into a film. However, if the spray is directed into a 
tube furnace then the precursor can be broken down in-flight and converted into powder for 
subsequent collection. During conversion of precursor to product the metal-salt thermally 
decomposes and then densifies. If collected as a powder, the metal or metal-oxide product 
particles are cooled prior to collection in a filtration system. The filtration system can consist of 
cyclonic [61], electrostatic [62], membrane, or liquid-based bubbler operations [63]. If the metal 
particles are allowed to impinge on a substrate then, depending on the thermal profile, the 
precursor can arrive as droplets, precipitates, vapors, or solid particles [64].  
Several pathways for decomposition of the precursor are observed and many can occur 
simultaneously [59,65]. At lower temperatures droplets strike the substrate, the solvent 
evaporates, and the precipitate salt then decomposes on the surface. At higher temperatures the 
solvent is completely evaporated during time-of-flight whereby the dry precipitate hits the 
surface and decomposes. Increasing the process temperature further can create a precursor 
conversion pathway whereby the precipitate melts and vaporizes. The vapor can then condense 
on the substrate as in chemical vapor deposition (CVD). At the most elevated temperatures, the 
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formed vapor then reacts chemically. This reaction can occur with the carrier gas or other 
chemical species present as dopants, additives, or reactive gases [65].   
Many of the processing conditions used in spray pyrolysis have analogs in flame spray 
pyrolysis [66]. A review of that body of knowledge provides a starting point to understanding the 
more complex thermal decomposition that occurs in a flame. In spray pyrolysis the reaction rate 
and heat produced is not tightly coupled to the injection of the solvent as in a flame reactor. 
Atomization, carrier gas composition, thermal profile, precursor solution, and distance to the 
substrate are all key parameters affecting film growth and particle morphology in spray pyrolysis 
[65]. The carrier gas can be the gas used for atomization and/or as an auxiliary stream to carry 
the droplets. Mass transport, solvent evaporation, droplet spreading upon impact, and precursor 
decomposition all occur either simultaneously or sequentially depending on the starting droplet 
size and distribution. Substrate or furnace temperature is one of the most important process 
parameters. Depositions can easily develop a cracked, porous, or dense film morphology 
depending upon the thermal profile between atomization and substrate [64].  
The type of metal-organic in the precursor solution and its concentration determine the 
solubility, decomposition rate, tendency toward oxidation of the metal, and vapor pressure [65]. 
The solvent itself sets the metal-organic solubility, atomization characteristics, droplet lifetime, 
and evaporation rate.  Additives such as citric acid, ethylene glycol and drying control agents are 
often added to influence the physical and chemical properties of the precursor solution [67].  
1.4.1 Solvent/Solute Properties and Atomization 
In spray pyrolysis, aqueous solutions are commonly used because of the low cost, 
environmentally benign impact, and availability of a wide range of water-soluble metal salts 
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(acetates, nitrates, sulfates, etc.) [64]. Use of aqueous solvents is not possible with flame spray 
pyrolysis since the enthalpy for conversion of the precursor must be supplied by combustion 
[68]. In either case the solute must have high solubility to increase the powder yield of the 
process. Metal chlorides and oxychlorides tend to have the highest solubilities but the corrosive 
product gases (Cl2) and residual chlorine can diminish the attractiveness [65].  
Spray pyrolysis has been performed using a variety of atomizers that convert the precursor 
to a plurality of droplets. The size, distribution, rate of droplet creation, and velocity of the 
droplets exiting the nozzle are largely determined by the atomizer type [60,63,65]. For instance, 
ultrasonic nebulization generally creates small 2-4 mm droplets with a narrow distribution but 
with very low velocity and volumetric flow rates. In order to create a large flow rate then many 
nebulizers must feed the reactor in parallel.  If the velocity is low then the droplets can be carried 
to the substrate by the auxiliary carrier gas in a controlled manner. Twin-fluid atomizers (i.e. air 
blast) can create large conversion rates, up to 20 mL/min, with velocities of 5-20 m/s [65]. 
However, these suffer from larger droplet sizes and a wider distribution. If the atomization is 
linked to the flow of gas (i.e. twin-fluid) then the coupling between atomization and droplet 
velocity reduces the experimental degrees of freedom. In most flame spray pyrolysis processes’ 
the atomization is also coupled to flow rate of the carrier gas which could more accurately be 
termed the oxidizing gas. However the turbulence created by the gas helps to mix the droplets 
with the oxidizing gas, in a jet-diffusion flame, and encourages efficient combustion and thus a 
more controlled particle synthesis. The exact characteristics of atomization are also largely 
defined by the properties of the solvent such as density, viscosity, and surface tension [63,65].  
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1.4.2 Aerosol Transport 
In many cases efficient aerosol transport during film growth requires that the majority of the 
droplets reach the substrate without forming particles (either salt precipitate or oxides) and that 
the droplets are not lost to the walls of the reactor or bypass the substrate with the carrier gas. 
The forces which influence the trajectory and efficiency of droplet transport include momentum, 
thermophoretic, electric, gravity and drag (e.g. Stokes) forces [65].  Thermophoresis results from 
the large difference in kinetic motion of gases near a hot-wall compared to the gases farther 
away. This results in a force in the direction of decreasing temperature. This phenomenon is 
welcomed for keeping droplets off the walls of a tube furnace but can also prevent droplets from 
landing on the substrate and hence being carried away by the carrier gas when growing a film on 
a heated substrate. In contrast, flame spray pyrolysis can benefit from the thermal gradient as the 
substrate is often times much cooler than the arriving gases.  
1.4.3 Evaporation and Precipitation 
Evaporation plays a much larger role in the particle formation pathways for spray pyrolysis than 
in flame spray pyrolysis. This is largely due to the short residence time of droplets reacting (i.e. 
burning) in a flame. In FSP the coupling of the gas mixing with droplets directly affects heat-
mass transfer, fluid dynamics, and rate of burning in the reactor. SP in contrast does not rely on 
heat supplied by the precursor-solvent reaction rate with an oxidant and instead absorbs heat 
directly from the surroundings.  
As the droplets exit the atomizer and enter into the reactor (furnace or hot-plate) they begin 
to evaporate at the surface. The evaporation rate is determined by the surface area of the droplets, 
 19
thermo-physical properties of the solvent, ambient air temperature, and the velocity differential 
between the droplet and the carrier gas [63,65]. As the solvent vapors diffuse away the droplet 
size decreases. Once the solvent at the edges of the droplet have undergone a phase change to 
vapor there is a loss in latent heat, due to evaporation, and finally there is diffusion of solute 
within the droplet toward the center due to the increasing concentration at the edges. At smaller 
droplet sizes <50 nm the rate must be adjusted upward to account for the Kelvin effect. Heat is 
gained inversely proportional to the specific heat of the liquid and directly proportional to the 
thermal conductivity of the ambient air and the temperature gradient.   
The vapor pressure decreases according to the molar percentage of solute dissolved. This 
effect increases as the droplet reaches saturation. The solute diffusivity in the droplet must be 
considered in the predicting the final morphology of the particle since evaporation at the surface 
creates a radial concentration gradient decreasing toward the center of the droplet [65].  Two 
types of precipitation can be considered depending on the concentration at the center of the 
droplet [69]. Volume precipitation occurs if the concentration at the center reaches equilibrium 
saturation. This is caused by nuclei at the surface inducing precipitation evenly throughout the 
droplet.  If the evaporation rate is many times faster than the diffusivity then a shell of precipitate 
forms at the periphery of the droplet during drying causing surface precipitation. This occurs if 
the center concentration is less that equilibrium saturation in which case a shell of precipitate 
forms at the surface. Diffusivity of the solute relative to the rate of evaporation will determine 
whether surface or volume precipitation dominates. Consequently solute precipitation at the 
surface will serve to reduce the evaporation rate and thus increase the droplet temperature. The 
thickness of the shell can be controlled by modifying the ambient temperature with lower 
temperatures producing volume precipitation and higher temperatures inducing surface 
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precipitation. The shell structure will only remain intact if there is sufficient porosity in the shell 
to allow the liquid in the core pass through otherwise shell fragments are formed.  
The time constants for various processes in SP are useful to highlight the dominant factors 
for a particular reactor and precursor/solvent configuration. A characteristic time required for a 
process to reach steady state is therefore useful in determining which factors most effect particle 
formation. Messing et al. [65] show that vapor diffusion and heat conduction in air have the 
fastest characteristic times ~1 while heat conduction in the droplet and solute diffusion are 10 
and 100,000 times larger. The time constant for droplet shrinkage was shown to be related to 
humidity such that the value is ~20/(ambient solvent mole fraction). Therefore at high solvent 
humidity the solute diffusion is the slowest but at low humidity droplet shrinkage could be 
comparable to solute diffusion.  
While the application of SP toward thin-film growth and metal-oxide powder production is 
well documented very little research has been successful in creating a supported metal catalyst 
with direct deposition into a film. The most notable exception is Cabot’s spray-conversion 
process used to form spherical, micron-sized aggregates consisting of Pt, PtRu and other metal 
alloys [70]. However, fundamental research in SP and especially in understanding the droplet to 
particle conversion mechanisms is a crucial starting point to begin understanding the 
mechanisms in FSP. 
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1.5 Catalyst Design by Flame Synthesis 
Flame technology is a scalable and continuous processing technique and a well-established 
method for the large-scale production of amorphous carbon, silica and titania nanoparticles [71]. 
Flame synthesized materials have been used as both catalysts and catalyst supports in industries 
from fuel cells to photocatalysts since the 1970s. A number of recent reviews explore the wide 
range of catalytic materials, with properties tailored by the flame processing conditions, 
synthesized by this emerging technology [8,9,72-76].  
Pt is an element used in many catalytic applications from 3-way catalysts to fuel cells 
[77,78]. For instance, in fuel cells the Pt nanoparticles are deposited on a carbon support to 
increase the active surface area and enhance activity. This architecture represents a complex 
system where the resultant performance (i.e., activity, selectivity and stability) depends on: 
surface and bulk composition, geometry, defects, and interactions with the support material 
[79,80]. Realizing fully functional and stable catalysts requires understanding of the structure 
and function of materials, and in our control over matter and energy at the atomic, molecular, 
and meso scales. Rational design of electrocatalysts requires that the properties are tailored 
purposefully from the processing conditions. The exact size, symmetry and geometry of Pt is 
selected based on a fundamental understanding of how this would change the performance of the 
active sites; influence the catalyst stability; and modify the selectivity. Another key requirement 
is to be able to implement efficient and continuous synthetic routes to obtain the desired surfaces 
and films with controlled thickness and porosity on polymeric membranes. Results from Roller 
et al. using Reactive Spray Deposition Technology (RSDT), a flame-based method, for Pt based 
electrocatalysts clearly have shown that the process can be adjusted to give tight control (< 1 nm) 
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on metallic nanoparticle diameters directly deposited onto Nafion® membranes with thickness 
from ~100 nm to 10 µm [81,82]. The central challenge in producing thin electrodes for proton 
exchange membrane fuel cells (PEMFC) is how to design the mesoscale. This is a largely 
unexplored research area due to limitations in many of the synthesis routes to enable tight control 
of the organized porous channels at different length scales. The catalyst films produced by RSDT 
demonstrated a performance on par with traditional electrode manufacturing methods using less 
energy, having reduced processing steps and producing no solvent waste in a scalable format 
amenable to manufacturing.  
Recent work by Pratsinis et al. has shown that flame or reactive spray synthesis can be 
controlled in part to form structured nanoparticles [76,83-86]. The flame-based or reactive spray 
synthesis of nanoparticles relies on combustion of a fuel and oxidant as a thermal energy source 
that drives the conversion of precursor into Pt nanoparticles. RSDT provides adjustable 
process variables such as flame temperature, stoichiometry, residence time, and downstream 
quenching rates that couple with solvent and metal precursor concentrations to affect particle: 
nucleation, growth, annealing, and oxidation.  
The RSDT process shares the following salient properties with flame-based synthesis 
methods such as chemical combustion vapor deposition (CCVD) [87,88], flame spray pyrolysis 
(FSP) [76,83] and acetylene-air diffusion flame [89]: they take place in the open atmosphere, 
eliminate the need to dispose of solvent waste and form the catalyst under dry conditions. With 
CCVD the process shares the demonstrated benefit that catalyst production is combined with 
electrode formation into one step on Nafion® (although the other processes may conceivably be 
modified for this configuration). The RSDT process differs from the CCVD process by the 
nozzle geometry, processing parameters, and method of injecting the support material. The 
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difference with FSP is the nozzle geometry, atomization mechanism and the decoupled injection 
of the support material. The main differences between air-acetylene diffusion flame and RSDT 
are that the acetylene-air diffusion uses a co-flow pre-mixed geometry, the precursor is atomized 
by a nebulizer prior to being fed to the burner, and that the enthalpy for precursor conversion is 
provided primarily by acetylene and not the solvent. The acetylene-oxygen flame is also 
substantially hotter than a xylene-oxygen flame (3087 °C versus ~2000 °C). 
In this thesis the RSDT processing conditions and hardware configuration will be examined 
in further detail starting with process parameter settings commonly used to produce controlled 
size (2-3 nm) Pt particles [81,82,90]. 
1.6 Reactive Spray Deposition Technology 
In the RSDT process the combustion enthalpy of a solvent drives decomposition of the precursor 
in the turbulent confines of a jet-flame. Figure 1.3 shows a diagram of the RSDT process and the 
three zones of the atomizing-burner consisting of i) solution heating by induction, ii) co-flow 
injection of fuel/O2 and subsequent mixing, and finally iii) combustion by the pilot flames).  
 Figure 1.3: System configuration of the RSDT hardware highlighting stages in which the Pt 
catalyst passes during formation. The secondary spray injects the carbon support. 
The RSDT process uses a ternary solvent mixture comprising acetone, xylene, and propane 
as the fuel. The main component, xylene, acts as both a cost
xylene has the highest enthalpy of combustion (
metal cation and hydrocarbon anion. Acetone has a lower heat of combustio
is used to increase the solubility of the Pt precursor. Propane assists atomization but also has a 
lower heat of combustion (-2219 kJ/mol) than xylene. There is no need for a high vapor pressure 
precursor, which can substantially add t
requirement. The cost effectiveness of xylene results from its mass production as a primary 
petroleum distillate and is a building block for urethane, polyamide resins, plasticizers, and alkyd 
resins in petrochemical products. Xylene has a spot commodity price around $1/kg. 
24
 
-effective solvent and as a fuel; 
-4550 kJ/mol) to drive the decomposition of the 
n (-1772 kJ/mol) and 
o the process costs, since solubility in the fuel is the only 
 
 25
Platinum(2+)) bis[(2Z)-4-oxo-2-penten-2-olate] more commonly known as platinum II, IV 
pentanedionate or platinum acetylacetonate (Pt (acac)2) is the favored Pt source. Pt(acac)2 is one 
of the most widely available and least expensive organoplatinum compounds, and finds wide use 
as a precursor for platinum containing materials and catalysts [91,92], additionally it is free of 
potential halide or nitrate contaminants [93]. Considering a spot price of $27.50/gPt for the Pt 
commodity and a mark-up of 20-30%, depending on bulk ordering, the cost to convert Pt to the 
Pt(acac)2 can be estimated at $35/gPt can be assumed as an upper limit. 
In the RSDT process the Pt(acac)2 is dissolved into xylene and acetone, placed in a sealed 
vessel, and further diluted with liquefied propane. The precursor solution is then pumped using a 
high-pressure syringe-pump into a custom-made atomizing combustor [82,90]. The window of 
stable operating conditions (i.e., precursor flow rate) are set to i) create adequate fuel 
atomization, ii) provide pressure drop through the nozzle, iii) match the oxidant flow for stable 
combustion, and iv) produce an adequate heat and residence time, and v) support complete 
combustion in the reaction zone. The atomizing-burner (i.e., nozzle) consists of three sequences: 
heating, atomizing/mixing, and combustion, as shown in Figure 1.3.  
The fuel enters the nozzle through a tube and is heated to approximately 60 °C. To create a 
pressure drop the fuel then enters a smaller diameter hypodermic needle. Finally, the solution is 
atomized from the exit orifice of the needle. Using a co-flow design for the fuel/O2 injection, the 
O2 is metered to control the shape of the spray cone (i.e., decrease the spray angle). The velocity 
differential between the fuel droplets and O2 provides a turbulent mixing with the fuel-rich core 
in the axial spray [94,95]. Heat, pressure drop, and propane expansion determine the droplet size 
distribution produced by the atomizing combustor [96]. The energy to drive the atomization of 
the precursor solution is a combination of pressure (generated by flow in a restricted tube), heat 
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(supplied by the induction system), and effervescent atomization (due to boiling of the liquefied 
propane). The hypodermic insert, from which the spray exits, is mechanically centered in the 
oxidant channel of the nozzle. The channel radially surrounds the insert so that both discharge 
their contents in a co-flow geometry into the open atmosphere. 
In the atomizing/mixing stage, the oxygen and the fuel droplets (i.e., xylene-acetone-
propane mixture) are partially mixed prior to ignition. The degree of mixing increases with 
increasing flow rate of both fuel and O2 [94,97]. The conical shape of the flame tip denotes that 
the flame speed (i.e., rate of expansion of the flame front) is controlled by the fuel-oxidant flow 
and not the reaction chemistry. The droplets must be confined to diameters as small as possible 
and preferably below 20µm to produce Pt nanoparticles <20 nm. This confinement condition 
limits the mass of precursor precipitation during solvent evaporation. Additionally, smaller 
droplets create a more stable combustion.  
The droplets are ignited by a ring of pilot burners. After ignition, the chosen fuel and O2 
flow settings create conditions that form a jet-diffusion flame with varied degrees of turbulence. 
The precursor and solvent react with O2 during combustion to form Pt, CO2 and H2O according 
to the following equations: 
Platinum(II) acetylacetonate: C10H16O4Pt + 12O2 = Pt + 10CO2 + 8H2O 
Xylene: C8H10 + 10.5O2 = 8CO2 + 5H2O 
Acetone: C3H6O + 4O2 = 3CO2 + 3H2O 
Propane: C3H8 + 5O2 = 3CO2 + 4H2O 
 The precursor concentration increases in the droplet as the fuel is consumed through 
evaporation and combustion. The precursor is heated by 
begins to precipitate as the solvent liquid evaporates and burns. 
After complete precipitation the precursor then is decomposed to Pt vapor 
Nucleation of Pt nanoparticles occurs from this vapor followed by growth
along the length of the hot reactive zone 
growth occurs during time-of-flight.
Figure 1.4: Diagram of the RSDT spraying and combustion process illustrating the development 
of the temperature profile and the evolving growth of particles from a supersaturated vapor in 
the flame.  
Primary particle growth can be arrested through rapid cooling by an air quench, to create a 
fast non-equilibrium phase change 
distance, and locations of the quench are critical to formation of the desired metal and 
morphology [7]. An optional air-
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the radiation from combustion and 
 
 of the primary particle 
[99-101] as shown in Figure 1.4. The nucleation and 
 
[102]. The time of flight, zone temperature profile, stand
quench allows for dilution and rapid cooling of the combustion 
[73,98]. 
 
-off 
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zone. This has two distinct functions: it stops (i.e., freezes) particle growth and it allows a wider 
range of substrate materials to be positioned at lower stand-off distances. While passing through 
a quench the reaction zone temperature can drop 200-400°C/cm and the luminosity of the flame 
is greatly diminished [102].  
The final oxidation state of Pt depends on the standard free energy of oxide formation; Pt2+ 
is reduced to Pt metal [103]. However, even though the bulk phase is not oxidized an oxide layer 
exists on the surface of formed Pt particles [104]. Vapors of Pt will begin to nucleate as a 
function of lateral and radial distances in the flame and the integrated heat absorbed as a function 
of the flames thermal profile. The exact location will vary due to processing conditions with 
larger fuel flow rates and optimal oxidant flow rates leading to hotter and shorter flames with 
better mixing. Higher temperatures and particle concentrations favor coagulation and sintering of 
the particles and, thus, favor larger primary particle sizes [105]. 
Formation of the nanocrystallite particles, during time-of-flight, occurs prior to film 
formation through a multi-step process. The time between spray exiting then nozzle and 
nanoparticles arriving on the substrate occurs in milliseconds. The general mechanism of particle 
growth, once the precursor has vaporized, occurs by: homogeneous reactions, nucleation, surface 
growth, cluster formation, coalescence, aggregation, and agglomeration [8-10]. If the substrate is 
brought into the flame, a film can form directly from the vapor phase (i.e., direct impingement of 
the flame onto the substrate). However if the substrate is located far away from the flame then 
the film is formed by physical impingement (ballistic deposition) of fully formed nanoparticles. 
RSDT inherently creates kinetically controlled formation pathways. Therefore, nanoparticles can 
arrive on the substrate either as clusters or fully formed nanoparticles. If mixing in the flame is 
inadequate then both may be present.  
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1.7 RSDT Process Parameters  
In order to better study the various stages of the RSDT process, they have been broken down into 
a taxonomy (in Table 1.1) that first identifies the stage of the process; heating, atomizing/mixing, 
or combustion. In the second column, the dominant physical (i.e., atomization) or chemical (i.e., 
precursor) sub-processes are listed in Table 1.1. A list of the important thermophysical, fluid 
dynamic, and chemical properties influencing the sub-process is then listed in each row. Some 
physical parameters (i.e., velocity) influence multiple stages of the process. This highlights the 
confounding effects that process parameters influence in combustion where a complex interplay 
between chemical reactions, heat-mass transfer, and fluid dynamics defines the reactor 
conditions. 
 30
Table 1.1: Processing conditions for RSDT 
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In order to better understand the process sequences the next sections give an overview of 
each step and the prominent physical or chemical sub-processes that are important. 
1.8 Process Stages 
1.8.1 Precursor Effect 
The precursor chemistry is a key parameter in flame spray processing and its choice will 
ultimately dictate the final properties of the Pt nanoparticle. The choice of precursor depends on 
cost, solubility, reactivity, toxicity, and stability. In wet chemical processing of metal oxides and 
mixed metal oxides, nitrate precursors are often used. Organometallic precursors are typically 
more expensive than their halide or nitrate counterparts, the higher product powder quality 
(better homogeneity and smaller grain size distribution) may compensate for this. Commonly 
used organometallic precursors that are soluble in a combustible organic solvent include 
alkoxides, acetates, and acetylacetonates. The precursor release from the droplet, its 
decomposition and gas phase reaction are important steps in formation of the final product. The 
precursor composition plays an important role, but this is still not well understood.  
Solute concentration and fuel flow rate are confounding variables since both can lead to 
increased particle size. This result occurs since solute concentration, in the fuel, determines the 
nucleation density and ultimately the collision frequency of the particles. At higher flame 
temperatures the growth and sintering rates are enhanced.  
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1.8.2 Fuel 
Mädler et al. found that the total energy content of the spray flame and the evaporation rate of 
the liquid fuel are important parameters controlling the product powder properties [73]. At low 
O2 flow rates the specific surface area increases with increasing oxidant flow rate as the height of 
the spray flame is reduced, leading to shorter residence times, thus, reducing the time for particle 
growth. At high O2 flow rates, the fuel is consumed faster leading to shorter flames and a higher 
maximum temperature. The fuel and precursor reaction is more intense for high oxygen flow 
rates, and takes place in a smaller unit volume initiating fast precursor release at higher 
temperatures. These conditions lead to enhanced sintering rates and consequently smaller 
specific surface areas.  
Jossen et al. found that low process temperatures and low boiling point solvents favor 
formation of hollow or inhomogeneous powders [106]. Inhomogeneous particles were formed at 
low combustion enthalpy densities (<4.7 kJ/ggas) and when the solvent boiling point is smaller 
than the melting or decomposition point of the metal precursor (Tbp/Td/mp <1.05). Madler et al. 
found that with iso-octane as fuel, only the declining branch of the specific surface area is found 
since it has 1.5 times higher enthalpy content and a 1.5 times higher evaporation rate during the 
combustion compared to ethanol [73,94]. This created a substantially higher temperature flame 
for iso-octane. The specific surface area was substantially lower (120 m2/g at 4.6 L/min) at 
higher flow rates. The liquid fuel enthalpy is an important temperature profile defining parameter 
and therefore influences particle growth and sintering. A similar trend was found by Briesen et 
al. who reported a drastic drop in the specific surface area of silica at higher adiabatic flame 
temperatures, which is in accordance with the present data of the energy of the spray flames 
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comparing ethanol and iso-octane fuels [107]. This example highlights the importance of 
controlling the droplet evaporation and combustion in production of particles by flame spray 
pyrolysis. Information on burning rates and droplet lifetime and thus precursor decomposition 
(reaction) can be gained from spray combustion models and incorporated in existing models of 
particle synthesis in vapor flames. 
1.8.3 Atomization 
A precursor is dispersed by spraying the solute, dissolved in a fuel, through an atomizer. Inertial 
forces applied to a liquid stream result in droplet formation. Due to inhomogeneous droplet sizes 
the evaporation and combustion occur over a range of time scales as the droplets traverse axially 
(and radially) in the flame [73]. Understanding the complex nature of the atomization process 
requires quantification of heat and mass transfer between phases. This is typically done using 
numerically-based gas-droplet models that rely on empirical relationships. Mechanical 
atomization occurs through the pressurized liquid expanding from an orifice and by the 
differential flow of O2 around the fuel jet. Flash atomization is the pressurized release of a 
superheated liquid (i.e., propane). Disintegration of a liquid stream into droplets requires that the 
inertial force exerted on the liquid are much larger than the surface tension.  
The droplets formed by any atomization mechanism contain a distribution of sizes that can 
be mono or multimodal [108]. The mean droplet size of a spray produced by mechanical break-
up is mostly influenced by the exit velocity. Turbulence (measured by the Reynolds number) 
increases proportionally with exit velocity and inversely with the exit orifice diameter, do. 
Nozzle geometry, such as the L/do ratio where L is the length from the exit orifice to the nearest 
upstream expansion also influence the atomization process. Flash atomization on the other hand 
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is dependent upon thermofluid mechanisms driven by the degree of superheat. At the exit of the 
orifice flashing rapidly releases the fuel vapor. Both modes (mechanical and flashing) of 
atomization occur in parallel in the RSDT process. The droplet size created by atomization also 
determines the size of the precursor precipitate upon complete drying.  
Solomon et al. found that flashing <15 mole % of a dissolved gas significantly increased 
atomization of Jet-A fuel [108]. The injected or dissolved gas created bubbles that form a two-
phase flow regime at the injector orifice. The liquid is then squeezed by the gas bubbles into thin 
shreds and ligaments [108]. When the gas bubbles emerge from the nozzle they explode causing 
a rapid expansion of small bubbles that shatter the surrounding liquid in the nozzle efflux. 
Heine et al. increased the liquid feed rates (at constant dispersion gas flow rate) from 27.1 
(flame 1) to 81.1 (flame 2) mL/min and they found that this reduced the axial velocity at z = 0.5 
cm by 25 m/s. The mass of fuel is considerably larger at a fuel flow rate of 81.1 mL/min and this 
must be accelerated by same 50 mL/min dispersion gas. This example highlights the coupling 
between atomization, gas velocity, and O2 flow inherent in two-fluid atomizers [109]. The gas 
velocity increased to a maximum of 135 and 107 m/s for flames 1 and 2, respectively. The 
increase is caused by precursor combustion resulting in expansion of the gas volume. After 
reaching a peak axial velocity at 1.5 cm from the exit orifice the velocity decays asymptotically 
as 1/x to 68 m/s at z = 4.5 cm. This profile is commonly found in turbulent cold jets [109,100]. 
Heine et al. found that most droplets have evaporated at this point, consistent with Oh et al. [111] 
who showed that for a 17.8 mL/min kerosene spray atomized with 32 L/min air that after z = 5 
cm about 85% of the droplets were evaporated. 
RSDT uses a different approach from gas-assist or nebulizer based atomizers to decouple 
the atomization from the oxidant flow by using liquid pressure, heat and a dissolved gas to create 
 35
the forces necessary for droplet formation [75]. The O2 flow shapes the spray and provides the 
necessary conditions for combustion but is not critical for droplet break-up for RSDT. For a 
given nozzle opening the droplet size is controlled by the fuel flow rate, pressure, the percentage 
of propane in the solution and the heat added to the system [108,112,113]. 
1.8.4 Evaporation 
Upon spraying fuel droplets begin to evaporate and this endothermic process increases the 
concentration of fuel gas in the O2 stream. The evaporation rate is dependent on temperature, 
flow differential between the droplets with the supplied O2, and surface area. Evaporation is not 
uniform with time since the droplets are decreasing in size which reduces the surface area during 
travel along the reaction zone. Evaporation occurs when molecules of the liquid droplet have 
sufficient kinetic energy to overcome liquid-phase intermolecular forces. Evaporation leaves the 
remaining molecules in the droplet with lower average kinetic energy (i.e., evaporative cooling). 
Larger initial droplets take longer to evaporate and create more distinct and globular regions of 
enriched fuel air mixture than for smaller droplet sizes (this nonhomogeneous mixture can result 
in chaotic combustion) [108,114].  
Once a spray is fully developed an increase of the mean droplet diameter can be observed 
along the length of the flame. This occurs because evaporation of small droplets shifts the 
distribution to larger droplet sizes, while the tail at the larger end of the distribution represents an 
increasing mass fraction of the remaining droplets [108,109]. Besides evaporation, the mean 
droplet diameter can also be affected by radial droplet mixing, droplet dispersion, and droplet 
coalescence. 
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The heat and mass transfer processes in the gas phase near the droplet surface determine the 
instantaneous vaporization rate  , and the amount of heat penetrating into the droplet interior, 
. Convective heat transfer occurs since a gas surrounds the droplets (i.e., the matrix gas). For 
larger droplet the evaporation stage includes the following steps: evaporation of the solvent from 
the surface of the droplet, diffusion of the solvent vapors into the gas phase, droplet shrinkage, a 
change in droplet temperature and solute diffusion toward the center of the droplet. The extent of 
solute diffusion will be a function of its diffusivity and this can affect whether a core, shell or 
shattered shell of solid precursor results after all fuel is evaporated. If droplet formation begins 
with a uniform temperature distribution then the change in temperature with time is 
 !"   
!
#$%&!                 '1.1) 
Where Td is the droplet temperature, t is the time, #$%& [J/kg-K] is the heat capacity of the 
droplet (i.e., fuel), ! heat-transfer rate [J/s] and ! [kg] the droplet mass. The droplet loses 
heat as the latent heat required for evaporation and gains heat when the ambient temperature is 
greater than the droplet temperature. From a process perspective, choosing a fuel with a low #$%&, 
heating the surrounding air, and creating ultra-fine droplets will accelerate the change in 
temperature thus creating conditions whereby droplet evaporation and hence precursor 
decomposition occur closer to the exit orifice. The changes in the droplet heat transport ! are 
!   *#$%&+ , !-./   ∆123               '1.2)  
Where ./ is the Spalding heat transfer number (indicative of the strength of evaporation) 
and 12 as the latent heat of vaporization [J/kg] under conditions present at the droplet surface  
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 represents the heat transferred into the droplet [J/s]. The change in droplet diameter as 
used by Abramson and Sirignano [115] and extended to account for the droplet’s density as a 
dependence on temperature is given as 
!"   
2
9:!!;   
!3:!   
<:!< !  
 !"           '1.4) 
The changes in the droplet mass ! due to evaporation are: 
  9:$!>?@AB ln+1 7 .E-           '1.5) 
Where >?, is the diffusion coefficient of the gas, @AB is the modified Sherwood number 
representing the ratio of convective to diffusive mass transfer coefficients. .E is the Spalding 
mass transfer number, a non-dimensional parameter measuring the ratio of the heat of 
combustion (along with the sensible enthalpy difference between the ambient environment and 
the droplet surface) to the heat of vaporization. This number represents the drive toward 
vaporization. 
Multicomponent droplet evaporation depends on the characteristic time scales for the 
liquid-phase diffusion, GE, and droplet lifetime, GH. In a paper by Heine et al. [109] they used the 
flame spray pyrolysis process and describe two types of flames using a zirconium n-propoxide 
precursor in ethanol and propanol. For the ethanol flame, a 10-µm droplet has a characteristic 
diffusion time of ( GE ) 5 ms compared to a droplet lifetime of ( GH ) 0.1 ms. For ~50 µm 
droplets, liquid-phase diffusion is still about 1 order of magnitude slower than evaporation. For 
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the propanol flame temperatures are higher, leading to faster evaporation so that the ratio IJIK  
increases further. These estimates show that liquid-phase diffusion in the interior of the droplet is 
essentially negligible [109,116].  
1.8.5 Combustion  
The complex interplay between chemical reaction, heat-mass transfer, and fluid dynamics 
requires the use of combustion models to accurately define the system. Combustion models link 
transport phenomena and chemical reaction rates with spray models to estimate droplet lifetime 
and burning rate [94]. Then the precursor decomposition and/or reaction can be combined with 
models for particle nucleation and then growth in the flame. Droplet combustion and the 
temperature profiles can be modeled by applying computational fluid dynamics [95]. Numerical 
codes are implemented to describe the centerline time-dependent droplet history of 
multicomponent mixtures and the flow field of the spray flame [117,118]. The finite volume 
technique can be used to describe the flow field and the droplet combustion of spray flames by 
solving systems of differential equations. Then, the effect of the released heat of combustion on 
the temperature distribution in the flame and the density of the gases can be considered in the 
fluid dynamics model similar to the approach used in aerosol reactors [119]. In order to apply 
these models many simplifying assumptions must be made [120] and validated with regards to: 
droplet breakup, turbulent droplet dispersion, effects on the enveloping flame, and effects of drop 
dynamics and turbulence on transport rates [121].  
Combustion requires an ignition source to overcome the activation energy barrier. The 
resultant fluid dynamics, and the coupled transport phenomena, determines how the O2 and fuel 
are mixed, the rate of combustion, and the flame temperature-velocity field. Basic theoretical 
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models describing combustion consider a double-film model for droplet combustion [122,123]. 
In this model, an inner film separates the droplet surface from the flame front, and an outer one 
separates the flame front from the surrounding oxidizer. The rate of evaporation increases 
significantly as the droplet size decreases. The higher surface area generated by smaller droplets 
will therefore undergo accelerated combustion rates. 
During combustion, fuel vaporizes at the droplet surface and diffuses outward while 
oxidizer diffuses inward from the ambient environment. The fuel and oxidizer react 
stoichiometrically, resulting in a zone of intense reaction. Heat is transported via conduction and 
radiation outward from the flame and inward back to the droplet surface. The heat deposited at 
the droplet surface is balanced by the evaporation process at the vapor/liquid interface. The 
"classical" d2-law for droplet combustion assumes that gas-phase chemical reaction is infinitely 
fast with respect to gas-phase transport, thus confining chemical reaction to an infinitesimally 
thin sheet [97]. 
The O2/fuel ratio influences the temperature profile, mixing, and oxidative strength of the 
flame. It has been found that higher mixing ratios result in higher maximum temperatures in the 
flame and shorter the flames [97,124]. The mixing of a diffusion flame intensifies by increasing 
either the fuel or O2 jet velocity. Eventually, excess O2 will serve to cool the flame. The 
temperature velocity profile of the flame affects the precursor reaction rate and chemical species 
concentration profile. The thermal profile is controlled by the equivalence ratio, choice of fuel, 
quench distance, stand-off distance, flow rate, and nozzle design.  
After the release of the precursor from the droplet environment a decomposition reaction 
forms vapors of Pt. The Pt vapors will then begin to nucleation driven by a supersaturation in the 
ambient gas. Growth from the nucleation sites occurs at the particle surface followed by 
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coagulation and/or sintering. These mechanisms lead to a steadily increasing particle size or 
agglomerate. The velocity and temperature field determined by combustion will then determine 
the particle morphology, phase, and size. The size will ultimately determine how the particle is 
deposited on the substrate (i.e., ballistic impingement or diffusion dominant mechanisms) 
[125,126].  
Oxidation or reduction occurs according to the relative oxidizing strength of the flame, the 
activity of the metal species, and the partial pressures of CO2 and H2O. The oxidizing strength 
can be controlled by the O2 partial pressure in the combustion atmosphere [127,128], and 
adjustments in the equivalence ratio [73]. The equivalence ratio is the relationship between the 
stoichiometric oxidant and fuel molar flow rates L , divided by the actual process ratio; the 
relationship is expressed in equation 1.6.  
  Φ   +N OPQR/N TUVWXYZ-[ZTV\+N OPQR/N TUVWXYZ-]QXR   [1.6] 
Equivalence ratios greater than 1 indicate a fuel rich mixture while ratios equal to 1 indicate 
a stoichiometric mixture of oxidant to fuel. When the equivalence ratio is <1 the combustion 
mixture is O2 rich. The O2 flow has profound implications on the velocity (and hence residence 
time) and temperature profiles. Velocity and temperature in-turn will influence the particle 
crystallinity, morphology and deposition efficiency.  
Flame temperature and particle residence time have been shown to be the most important 
parameters determining the physical properties (i.e., morphology, degree of agglomeration, 
crystallinity, etc.) of nanoparticles [71,129]. In flame aerosol reactors the flame temperature field 
is influenced mostly by the initial reactants, efficiency of their mixing, and the burner geometry. 
Using O2 as the oxidant results in faster fuel consumption, and therefore to higher flame 
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temperatures, shorter flames, and shorter residence times [94]. When using O2 instead of air as 
the oxidant the precursor oxidation, particle growth, and sintering are all enhanced. Wegner and 
Pratsinis [130] showed that reactor geometry could also significantly change the nanoparticle 
characteristics. Using the same gas and precursor flow rates as Briesen et al. [107], they 
produced primary silica particles which were 48 times smaller using hexamethyl disulfoxide 
(HMDSO) in a reactor with a diameter about a quarter of the one used by Briesen et al. The 
enhanced mixing of the gases in their smaller reactor leads to a steeper temperature gradient as 
confirmed by CFD calculations. Furthermore, the burner outlet velocities are significantly higher 
compared to Briesen et al., which reduces the residence times of the particles in the hot flame 
zone and consequently there is less time for growth and sintering. 
1.8.6 Particle Growth 
Particle collision, sintering, and coalescence occur simultaneously and at different rates in the 
flame. Sintering is the development of strong bonds between particles while coalescence results 
in smaller particles combining to form a larger one. The concentration of the precursor, 
temperature, and the turbulence will determine the particle collision rate. When the coalescence 
rate is higher than the sintering rate particles are deposited unagglomerated. Agglomeration is a 
mass-conserving, but number-reducing process that shifts the particle distribution towards larger 
sizes. 
Precursor molecules are transformed into the gas phase during the first stage of precursor 
conversion. In the gas phase, the precursor molecules react to form monomers that grow into 
stable particles by molecular coagulation [131] or nucleation [132] to critical size clusters. 
Surface reaction of precursor molecules increases the particle size proportionally to the particle 
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surface area while evaporation/sublimation decreases the particle size forming monomers again 
in a dynamic equilibrium. Nanoclusters grow in the high temperature region of the flame by 
coagulation and instantaneous coalescence upon collision to form bigger, mostly spherical 
particles. The final particle morphology depends on the temperature profile, cooling rate, and 
residence time. The morphology can exist as clusters of atoms, single particles, aggregates 
(where the primary particles are connected by strong sinter necks), or agglomerates (where 
primary particles are held together by weaker van der Waals forces). Single particles are formed 
when sintering is much faster than coagulation. If sintering and coagulation rates are comparable, 
aggregates are formed while negligible sintering leads to agglomerates. A distribution of 
temperature histories in the same reactor can lead to mixtures of these idealized morphologies 
[133]. 
The dynamics of the reactor and the properties of nanoparticles depend on physical and 
chemical properties with length scales spanning ten orders of magnitude (from Ångstroms for Pt 
vapor radius up to meters for the reactor size) and fifteen orders in time (from femtoseconds for 
the oscillations of a hydrogen atom on the surface of a nanoparticle up to milliseconds for the 
reactor residence time). Models for various length and time scales can be distinguished into 
continuum, mesoscale, molecular dynamics (MD), and quantum mechanics (QM) models and 
can be interconnected in a multiscale frame [133]. 
Linking the characteristic time for mechanisms like coagulation and sintering to residence 
time allows for estimates of the emerging particle morphology. For instance, sintering behavior 
is a function of the temperature and radius of two nanoparticles while coagulation is driven by 
the collision frequency and the particle number concentration. If the sintering time is smaller 
than coagulation the particles will fully coalesce and the morphology will result in spherical 
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compact particles. However, a longer sintering time will favor the formation of fractal-like 
agglomerates [133].  
Brownian coagulation eventually leads to a steady-state self-preserving size distribution 
(SPSD) after a characteristic time. This SPSD is independent of the initial particle size 
distribution (PSD). After scaling the different PSDs by the average particle size they collapse 
onto each other and Brownian coagulation is no longer driving the nanoparticle growth. During 
this process, monodisperse distributions broaden while broad distributions narrow until the SPSD 
attains a well-defined geometric standard deviation of 1.44-1.46 [134,135]. The time to attain the 
SPSD is a multiple of the coagulation time. Once the SPSD has been achieved, Brownian 
coagulation does not change the shape or polydispersity of the particle population anymore.  
Particle population balance models describe the evolution of the distribution in size and 
morphology with time. Monodisperse models can be used to greatly simplify the continuous 
form of the general dynamic equation (GDE) [136] which describes the change in number 
concentration as a function of particle size and time. The GDE has terms to account for 
coagulation, condensation, surface growth, and nucleation. The evolution of the number and 
volume concentration (or surface area) of the particles in the PSD is then sorted into bins using 
1D models, this allows descriptors of the average morphology in each bin. 
In the literature, there are numerous models (monodisperse [137], moment [138], sectional 
[139,140], and Monte-Carlo-types [141]) describing particle growth in flames. An introduction 
to particle dynamics models is given by Kodas and Hampden-Smith [119], in which they discuss 
advantages and disadvantageous of the certain approaches. The latest advances in the calculation 
of sintering rates for nanoparticles was related to the correlation between bulk melting point on 
particle size [142,143]. Experimental data on particle size evolution as obtained by 
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thermophoretic sampling and information about the flame temperature from fourier-transform 
infrared spectroscopy (FTIR) at the same location [144] can be used to develop models that 
describe the evolution of particle growth [75]. From this data, effective rates of reaction on the 
particle surface can be extracted. 
A better understanding of the detailed velocity and temperature profiles on particle growth 
could guide the design of better atomizing-burners. Attempts have been made to visualize flow 
patterns and gas concentration evolution using the RSDT process [95] and flame spray pyrolysis 
[145]. Wegner et al. [145] put special emphasis on the mixing of the concentric jets and found 
that the mixing is dominated by the velocity gradient between the co-flowing jets. 
The velocity vectors of the jet and lines of constant gas molar fraction, which indicate the 
precursor stream, are calculated by computational fluid dynamics. Chao et al. introduced an 
analytical solution for a diffusion flame formed from three concentric tubes, similar to that 
calculated with CFD by extending Burke-Schumann methodology [146] and included a third 
stream [147]. The ability to have analytical solutions for special cases of a diffusion flame 
consisting of three reactant streams will lead to improvement of CFD software in these 
applications. Particle growth models can be implemented as demonstrated by Schild et al. [118] 
and Pyykönen and Jokiniemi [148] for TiO2 formation in a turbular flow reactor, and aerosol 
formation in a laminar flow reactor, respectively. These techniques provide a very effective tool 
for the simulation of the particle formation processes in complex reactor geometries under real 
production conditions. 
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1.9 Mixing  
A turbulent jet-diffusion flame consists of a high-velocity fuel jet (rapid stream of liquid or gas 
forced out of a small opening) that mixes with an ambient and/or an intentionally supplied 
oxidant stream. A portion of the oxidant is supplied by entrainment of the ambient air by the 
momentum of the fuel jet but a forced supply may also be co-injected with the fuel to alter the 
mixing rate. In such flames the rate of combustion is primarily governed by the rate of mixing 
once the fuel stream has been heated by re-radiation above an ignition temperature [149].  
The droplets are ejected from a concentrated core (i.e., exit orifice) and expand while being 
mixed with ambient air and co-injected oxygen. The velocity-differential between the fuel and 
oxidant have a profound effect on the mixing of the two streams and on the rate of droplet 
evaporation [94,124,150]. The exit velocity is linked to both the volume flow rate of fluid and 
gas but also to the size of the exit orifice. Figure 1.5 shows the luminous portion of a flame 
produced by the RSDT system using a ternary component fuel comprising 54 vol. % xylene, 20 
vol. % acetone, and 26 vol. % propane. The fuel flow rate is 3 mL/min with an O2 flow rate of 
2.32 L/min.  
  
Figure 1.5: Luminous portion of a flame generated by the RSDT process using a ternary fuel 
comprising 54 vol. % xylene, 20 vol. % acetone, and 26 vol. % 
O2 flow of 2.32 L/min is co-injected around the fuel jet. The flame in A) is with a 40 ms exposure 
time while B) shows a 1 s exposure time of the same flame.
Figure 1.5A illustrates how the burning fuel jet is initially lamin
(bluish part of flame on right) but turbulent eddies begin to grow along the axial length. The 
turbulence breakpoint moves closer to the exit orifice with increasing O
shows the luminous emission observed o
mixing is dominated by molecular properties of conductivity, density and viscosity while heat, 
mass and momentum fluxes are dominated by traverse flows. However, as the oxidant velocity is 
increased convection and turbulence dominates the mass, heat, and momentum transfer. The 
mixing is several orders of magnitude higher under these conditions 
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propane at 3 mL/min.
  
ar near the ignition point 
2 velocity. 
ver a 1 s exposure time. At low O2 or fuel flow rates the 
[97]. 
 A forced 
Figure 1.5B 
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1.10 Flame Synthesis of Supported Catalytic Materials 
Preparation of catalytic materials by solution preparation routes requires subsequent calcination 
and milling steps. These extra steps can negate some of the advantages of the solution process 
route. Solution based aerosol processes integrate the precipitation, thermolysis and sintering 
stages of powder or film synthesis into a single continuous process. Liquid based spray 
combustion uniquely controls the particle formation environment by compartmentalizing the 
solution into droplets which double as the fuel that then provides the heat for precursor 
thermolysis. This ensures complete stoichiometry retention on the droplet scale and results in a 
continuous dry process. The resulting catalyst vapors then condense and can be collected as a 
powder or deposited as a film.  
Due to the high cost of Pt in PEMFC catalysts, mounting of the catalyst (preferably as 
monodisperse nanoparticles) onto the surface of a second material to disperse (i.e., support) the 
active catalyst is paramount. The attachment or anchoring can occur by physisorption and 
chemisorption depending on the nature of the bonding between the metal and carbon. In physical 
adsorption there is no significant redistribution of electron density between the substrate and the 
adsorbate whereas in chemical adsorption a chemical bond is formed. Many of the methods 
required to assemble Pt onto carbon were borrowed from the petroleum industry where catalysts 
require 1-10 wt.% of Pt on the carbon. However, due to mass transport limitations of the 
reactants and products in a PEMFC the thickness of the electrode must be taken into account to 
avoid underutilization of Pt [151]. This necessitates Pt to be above 20 wt.% and usually around 
50 wt.% on the carbon. Catalyst preparation is traditionally divided into two broad categories: 
 48
precipitation and impregnation (with such variants as ion exchange, deposition, and grafting) 
[152]. 
The heritage support material consists of various grades of carbon black which are 
produced using large-scale flame combustion technology [4]. The procedure for catalyst 
assembly requires i) dissolving the metal compounds in water, ii) adding sequentially to an 
aqueous basic slurry of the flame-made carbon iii) reduction iv) washing and v) heat treatment. 
Inks containing the electrocatalyst powders are usually ball milled to convert the wide 
distribution of aggregate (chemically- or sinter-bound) particles sizes to the requisite 
agglomerate (physically-bound) particles size for optimal suspension and subsequent spraying. 
Unfortunately ball-milled composite catalysts can remain stuck to the walls of the reaction vial 
and grinding balls instead of being recovered as a powder [153,154]. The solvent polarity, the 
precursor solution pH, the cationic or anionic nature of the metal precursor and the support 
properties (isoelectric point and surface complexes) are critical parameters for catalyst dispersion 
[155].  
During the last decade, a better understanding of aerosol and combustion synthesis of 
materials has contributed to the development of a one-step, dry synthesis of catalyst that 
traditionally have been prepared by multi-step wet-phase processes. Production of platinum 
catalysts with sequential attachment onto a support during time-of-flight in a flame mechanism 
holds promise as a one-step production process that would bypass ink (i.e., liquid) preparation 
routes.  
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1.11 Advantages of Flame Synthesis 
Combustion synthesis has the economic advantage over rival technologies to drive cost 
reductions in catalyst manufacture since (i) the heat of combustion is available to economically 
activate precursor pyrolysis and vaporize the nanoparticle precursor-containing droplets, (ii) 
there are many useful control variables [including flame temperature (via diluents), flame 
structure, stoichiometry, pressure level, RTD, turbulence, concentration of nanoparticle 
precursor, location of precursor injection, location of particle quenching/extraction, 
supplementary laser irradiation, external electric fields, etc.], (iii) particle production is 
unconstrained by reactor walls, (iv) Both higher purity of the product since many contaminants 
are evaporated, (v) the elevated reaction temperatures allow better control over crystal 
state/morphology, (vi) flame synthesis/processing can often accomplish in a single step what 
takes multiple processing steps for wet-chemical methods, (vi) solvent-free processing leads to a 
smaller environmental “footprint”, and, perhaps most decisive, (vii) such methods are 
intrinsically “scalable”, i.e., capable of high, continuous production rates [100]. These processes 
clearly differ from the conventional spray pyrolysis [156] as the precursor is released from the 
droplet environment undergoing gas phase reaction and subsequent particle growth by 
coagulation, surface growth and sintering. Here, direct parallels can be drawn with vapor flame 
synthesis such as used in the industrial production of passive (Ge, P) and active (Er, Yb) optical 
fibers [157]. Gas-phase processes are generally purer than liquid-based processes since even the 
most ultra-pure water contains traces of minerals, detrimental for electronic grade 
semiconductors. These impurities seem to be avoidable today only in vacuum and gas-phase 
systems.  
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1.12 Vapor-phase Synthesis  
Vapor-phase synthesis of nanoparticles can occur by several different methods classified by the 
phase of the precursor [98]. Solid precursor methods include inert gas condensation, pulsed laser 
ablation, spark discharge generation, and ion sputtering. While liquid or vapor precursor methods 
include chemical vapor synthesis, spray pyrolysis, laser pyrolysis, thermal plasma synthesis, 
flame synthesis, and flame spray pyrolysis. Conditions for vapor phase synthesis of nanoparticles 
require that a supersaturated vapor phase mixture is thermodynamically unstable relative to 
formation of the solid. Under suitable super-saturation the reaction and condensation kinetics 
will allow the particles to nucleate (form an interface between two phases) homogeneously (i.e., 
spontaneous and random formation of a distinct thermodynamic phase without preference for a 
specific site). Once nucleation occurs the super-saturation is further reduced by more 
condensation or reaction of the remaining vapor phase molecules on the newly formed particles 
to favor particle growth over further nucleation. Formation of small particles (i.e., nanoparticles) 
therefore requires a high degree of supersaturation and hence nucleation density. An immediate 
quench of the system by removing the supersaturation (i.e., dilution) and slowing the kinectics 
(i.e., cooling) then prevents further particle growth. The use of a quench is a continuous 
operation that occurs on the order of milliseconds and can result in cooling rates of 500°C/cm 
[102].  
1.13 Catalyst Attachment 
In the flame based approach to making platinum nanoparticles a suitable metal-organic precursor 
is chosen. In order to transform the dissolved metal salt to a nanoparticle the platinum must go 
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through a series of mechanical and chemical transformations that include (i) atomization into 
droplets, (ii) evaporation, (iii) solute concentration within the droplet, (iv) drying, (v) 
thermolysis, (vi) vaporization of product metal, (vii) condensation of metal and eventually (viii) 
densification by sintering. 
1.13.1 Analagous Flame Processing Methods 
The deposition of platinum nanoparticles from the vapor phase through an open atmosphere 
combustion processes has been explored by relatively few researchers [8,83,158,159]. The 
application of this type of process to directly depositing onto electrolytes or gas diffusion layers 
(GDLs) for PEMFC applications is even more limited [158,160-164]. Flame based PEMFC 
catalyst fabrication has been pursued primarily at nGimat, formerly MicroCoating Technologies 
and adapted to direct deposition of Pt on carbon [87,165,166] and is described in detail in patents 
[166,167], Pratsinis et al. in the Particle Laboratory at ETH with Pt 1-12 wt.% [83], and Choi et 
al. [89,168] at the Pusan National University in South Korea with Pt up to 25 wt.%. Hunt et al. 
reveal the formation of catalytic particles (e.g., Pt and Ru) from vapors in a flame and then 
integrally mixing the process stream with carbon and ionomer to directly deposit PEM electrodes 
of up to 60 wt.% Pt [167]. 
Disclosed in the Hunt et al. invention is the use of a 20 mM solution of Pt(acac)2 in a 95/5 
vol./vol. solution of toluene and dimethyl formamide that is combusted from 180° mounted 
opposing nozzles directed parallel to the substrate surface, as shown in Figure 1.6. A non-
combusted solution of water and isopropyl alcohol with 0.0125 wt.% Nafion® and 0.05 wt.% 
carbon is sprayed at 9 ml/min along with 25 L/min of N2 directly in the path of the intersecting 
flames (i.e., it is sprayed directly toward the substrate). Slight modifications of the angle between 
 the non-combusted spray and the flames, use 
anodes, and up to 20 wt.% acetone for the precursor solution are also disclosed. Ag nanoparticles 
collected as powders in a bag-house filter have also been described by this process 
Figure 1.6: A) Schematic of CCVD set
specific geometry described in patent 
Pratsinis et al. [83] synthesized carbon
One of the flame nozzles operated with xylene at an equivalence ratio above 1.0 as a carbon 
source while a second nozzle delivered the Pt precursor at the top end of the quartz glass tube 
angled at 45° as shown in Figure 
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of the bi-metallic Pt-Ru system as CO tolerant 
-up for Pt deposition onto carbon via a flame route, b) 
[167] and c) representative microstructure from TEM.
-supported Pt clusters using a two
1.7. 
[169]. 
  
 
-nozzle system. 
 Figure 1.7: A) Schematic of flame spray pyrolysis (FSP) set
formed carbon [83], B) representative image of crystalline Pt particles condensed onto in
formed carbon in transmission imaging, and 
condensed onto in-situ formed carbon in scanning transmission imaging with 
particle size. 
Oxygen was used as the dispersion gas at 3 L/min while the liquid precursor cons
mixture of ethanol, water (deionized), and Pt(acac)
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-up for Pt deposition onto in
C,D) representative image of crystalline Pt particles 
E) 
2. Varying the ethanol/water ratio in the 
 
-situ 
-situ 
histogram of 
isted of a 
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solvent through the second nozzle enabled Pt-cluster formation at various temperatures resulting 
in loadings from 2.7 to 12 wt. % and controlled Pt cluster sizes. The formation mechanism of the 
Pt clusters was proposed to occur homogeneously in the gas-phase by coagulation in the free 
molecular regime as indicated by the geometric standard deviation of their measured size 
distribution. This formation pathway is opposite to that of standard FSP-made noble metal 
clusters being formed heterogeneously on ceramic supports [76,170]. These carbon supported Pt 
clusters were tested for catalytic activity toward hydrogenation of cyclohexene and no fuel cell 
relevant data was revealed. An attempt was made to quantify the activity toward hydrogen 
adsorption/desorption was unsuccessful due to the low Pt wt.%.  
Choi et al. [89,168] used an acetylene air diffusion flame for the dual purpose of providing 
a carbon and heat source. The flame burner, consisting of a central tube surrounded by 4 
additional concentric tubes, enables the injection of inert gases so as to isolate carbon inception 
from Pt formation as shown in Figure 1.8. This prevents Pt from becoming embedded in the 
carbon and thus rendering the metal inaccessible to surface catalysis. 
 Figure 1.8: A) Nozzle geometry used by Choi 
system for simultaneously forming (non
made particles collected at stand
resulting particle size histograms.
In this system Pt(acac)2 was dissolved in xylene with a concentration of 0.25 wt %, 
nebulized as 1-3 µm sized droplets in 
compressed air, and then fed to the burner through a heated tube. A shield gas of nitrogen flows 
at 2.0 L/min through the first annular space between the center and the next tube. Acetylene 
(C2H2) and dry air were injected through the second and third concentric annuli at 0.14 and 1.4 
L/min, respectively, forming a co
through the outer tube containing a fine mesh followed by a honeycomb with 100 ope
Pt content of the supported particles was between 10
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et al. [89,168] as an acetylene-air diffusion flame 
-embedded) Pt and carbon B-E) TEM images of 
-off distances of B) 6 cm, C) 8.5 cm, D) 12 cm, and E) the 
 
an ultrasonic atomizer using 2.4 L/min of 30 psi 
-flow diffusion flame. A stabilizing Ar gas flows at 20 L/min 
-60 wt.%. 
 
flame-
nings/cm2. 
 Figure 1.9: A) Cyclic voltammetery of 10 and 25 wt.% supported Pt clusters in a N
M H2SO4 electrolyte using a scan rate of 100 mV/s giving a surface are of 74.9 and 82.5
respectively, B) TEM image of supported Pt clusters formed by decreasing the Pt(acac)2 
concentration in the feedstock, and C) Pt clusters formed by decreasing the C
Cyclic voltammograms of hydrogen adsorption/desorption using a 0.5 M 
confirmed that the 10 wt % Pt/C catalyst was 74.9 m
size of Pt nanoparticles was confirmed by TEM image analysis to be between 2 to 7 nm; a 
shorter sampling height (i.e., 60 mm) generated the smallest particles and the tightest standard 
deviation of 0.57 nm. The production rate of this method was estimated at 10 mg/h compared to 
∼3 g/h obtained using Pratsinis et al.’s FSP system, no production rate is available for the 
nGimat process although recently Venugopal et al. have reported scale
production of Li-ion battery material using a baghouse powder collection unit capable of up to 
10 kg/day [171]. 
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CHAPTER 2:  
Fuel Cells and Durability 
2.1 Catalyst Function in the Membrane Electrode Assembly (MEA) 
Proton exchange membrane fuel cells (PEMFC), in combination with environmentally friendly 
sources of “green” hydrogen, are widely believed to be the key enabling technologies for a less 
carbon-constrained world [172,173]. A total of 183 US issued patents are directly related to the 
fuel cell and 32 companies are now selling 34 different fuel-cell-related products [174]. Asia 
dominates the fuel cell industry in terms of system shipments with 17,000 in 2011, 69% of the 
global market [175]. North America led the 2011 megawatt data with 59.6 MW, just over 50% of 
the total; Asia followed second with 36%. 
Commercialization hinges on oxygen electrochemistry; this biologically and industrially 
important reaction involves either the electrocatalytic reduction or evolution of molecular O2 and 
is the key rate limiting reaction in many renewable energy technologies including metal-air 
batteries, water electrolysis, and fuel cells [176]. In the oxygen reduction reaction (ORR), O2 
combines with electrons to form a product (e.g., peroxide or water), whereas the oxygen 
evolution reaction (OER) generates O2 gas by removing electrons from the reactant. The ORR 
and hydrogen oxidation reaction (HOR) are both carried out on a carbon-supported Pt 
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electrocatalyst dispersed in the electrode layer. The ORR overpotential is ~10 times larger than 
that for H2 oxidation at the anode. This large overpotential loss is attributed to the sluggish 
kinetics of the ORR and to coverage of catalytic active sites by anion adsorption of OH- (from 
H2O) or electrolyte species. A preferable catalyst has a high intrinsic activity for the desired 
reaction (i.e., turnover frequency) and a maximum number of active sites [177]. 
Platinum-based catalysts supported on carbon materials (Pt/C) have become the standard 
catalyst-support choice in PEMFCs; Pt/C also shares a wide range of industrial uses including 
hydrogenation, hydrogenolysis, reforming and isomerism [178,179]. Once the Pt is anchored to 
the support the combined components comprise the ‘catalyst’. In automotive based PEMFC 
applications commercialization hinges on the ‘catalyst’ due to inadequacies in mass activity 
<0.44 mA/mgPt and durability <40,000 h. Conventional MEAs require a catalyst layer with 
finely dispersed Pt nanoparticles supported on amorphous carbon. The catalyst layer is exposed 
to temperatures upwards of 80oC, pH < 1, a transient potential 0.4-1 V that results in a dynamic 
surface oxide coverage, large swings in humidity, and under certain high-current conditions a 
flooding of the layer with liquid water. Under these conditions corrosion of the carbon support is 
one degradation pathway leading to poor durability and unacceptable lifetimes hindering further 
market penetration [180-182]. 
Discovery of a support comparable to carbon that offers high electrical conductivity; a large 
surface area; porosity with equivalent micro-, meso- and macroporous features; increased 
corrosion resistance; and high Pt activity enhancement would represent a breakthrough in 
attempts to commercialize PEMFCs. A new approach to catalyst assembly at the nanoscale size 
using a vapor phase deposition onto corrosion resistant supports is discussed in this article. This 
approach avoids liquid processing, combines catalyst preparation with electrode formation into 
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one-step, reduces waste generation, allows for independent and real-time control of the electrode 
components (i.e., support, ionomer, and Pt), leads to uniform catalyst coverage, and is amenable 
to low Pt loading. Understanding the interplay between different types of support, ionomer, and 
the Pt is of prime importance in improving the activity and durability of PEM catalysts. The 
objective of this study is to investigate the size of Pt deposited from the vapor phase on a variety 
of catalyst supports and their corresponding mass activity while keeping the ionomer 
concentration constant. 
Stability of the catalyst is dependent upon successful attachment of the Pt to the support 
[183] while maintaining a uniform dispersion (e.g., avoiding agglomeration). The catalytic 
activity of a supported catalyst is heavily dependent not only on the support material (e.g., 
amorphous carbon, oxygen deficient titania, graphitized carbon, etc.) but also the processing 
routes used to attach the metal and finally the architecture of the catalyst layer. Architecture of 
the catalyst layer refers generally to the thickness, porosity, and spatial distribution of the 
components in the formulation. 
A review of the literature on deposition processes using different supports [184-186] 
suggests that catalyst dispersion and agglomeration is dependent not only on the support but also 
on the catalyst preparation. For example Wang et al. found that the extent of Pt aggregation 
could be controlled by use of a surfactant stabilizer during the reduction process and that the size 
of the colloids could be controlled by the synthesis temperature [184]. Pt agglomeration on GC 
using the liquid phase is especially challenging due to preference of the deposition for defect 
sites and not the basal planes of the graphene carbon sheet [187]. Compared to Pt deposition on 
amorphous carbon the GCs result in larger Pt particle sizes because of the supports smaller 
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specific surface area (e.g., SGC ~ 150 m2/g) [188]. This low surface area leads to difficulty in 
dispersing the Pt nanoparticles uniformly using conventional preparation methods [188]. 
Pt catalyst nucleation and growth can be directly related to the surface defects (edges, steps, 
vacancies, contaminants, hybridization sp2 or sp3, etc.). Once the support is graphitized, Pt 
particles distribute predominantly at edges of the graphite surface during the Pt attachment step 
[189]. Graphitization increases resistance to the loss of the carbon support and hinders Pt 
sintering since Pt anchors to the π sites (sp2 hybridized carbons) leading to an increased metal–
support interaction [190]. 
Several reviews of potential support materials have recently been published [191-193] on 
materials that are alternatives to carbon. Of particular interest are the sub-stoichiometric titanium 
oxides of the general formula TinO2n-1 (Magnéli phases), where n is a number between 4 and 10 
[194,195]. These Magnéli phases are characterized by extended planar defects and 
crystallographic shear planes which vary according to the oxygen deficiency. Magnéli phases are 
produced from high temperature reduction of titania in a hydrogen atmosphere and recently have 
even been produced in lab scale quantities directly by a flame-based process [196]. These bluish-
black ceramics exhibit good conductivity (~1000 S/cm) comparable to that of graphite (~727 
S/cm) [197,198]. 
The ceramic can be processed into a number of forms, such as tiles, rods, fibers, foams and 
powders and are of interest in cathodic protection, batteries, catalysts support for fuel cells, 
treatment of aqueous waste and contaminated water [199]. In addition to exceptional stability 
under PEMFC operating conditions, there is also a documented strong metal-support interaction 
(SMSI) between the surface of certain group VIII noble metals (e.g., Pt) and the oxides of certain 
transition metals (e.g., Ti, Nb, and Ta). This SMSI between Pt and the sub-oxide is due to the 
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unique hypo-hyper-d-interbonding and interactive primary (M-OH) spillover, making this 
support ideal for both water electrolysis and PEMFCs [200]. 2.5 to 5 wt.% Pt deposited onto 
TinO2n-1, with a surface area of 0.95 m2/g, has been performed by Ioroi et al. using an 
impregnation method [201]. They found that the onset potential of the corrosion current was 
much higher than for Vulcan XC-72R [151]. Krstajic et al. [200] prepared a sample of 10 wt.% 
Pt on Ebonex® through impregnation using Pt(NH3)2(NO2)2 in 2-propanol; the solution was 
ultrasonically mixed and then dried at 80 °C for 12 hrs. Reduction in H2 at 300 °C for 2 hrs 
changed the platinum salt to Pt metal. 
2.2 Catalyst Layer Architecture and Degradation Mechanisms 
The catalyst-layer architecture at the cathode must function to allow unobstructed access to three 
ORR process streams consisting of O2 gas, protons (H+) from the electrolyte in the hydrated 
ionomer, and electrons travelling through the solid carbon support via the external circuit. In 
order to reduce O2 to H2O all three phases must be in physical proximity hence the term “triple 
phase boundary” in reference to the sites where gas, liquid, and solid are in coincidence. An 
additional constraint in the architecture is imposed by the liquid H2O products which must be 
efficiently removed to prevent a condition of flooding whereby the reaction rate is hindered, 
owing to a 5 order of magnitude drop in O2 diffusion (~0.2 cm2/s in gas versus 5x10-6 cm2/s in 
water) to the active sites. The micro- and macrostructural pore network of the catalyst layer is 
pivotal to obtain an optimal balance between gas diffusion and water removal. The methods used 
to apply the catalyst layer (i.e., tape casting, ink spraying, slot-die casting, etc.) are crucial to 
achieving the requisite structure.  
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Most approaches to PEM catalyst layer architecture require multiple processing steps using 
a pre-manufactured electrocatalyst powder (i.e., a Pt salt attached to the carbon support and then 
reduced to metal nanoparticles) to build-up the electrode. This generally requires a liquid phase 
both for manufacturing the catalyst and then applying it as a composite catalyst layer. The liquid 
phase first occurs during catalyst synthesis, then at the ink formation step, and finally during 
application of the ink onto an electrolyte [154,202,203]. During electrode fabrication, a colloidal 
solution of Pt/C and ionomer is applied to either a gas diffusion layer or electrolyte layer which 
then self-organizes upon drying into phase-segregated regions with interpenetrating percolating 
phases for the transport of the electrons, H+, and air [204,205]. The ionomer is a H+ conducting 
perfluorosulfonic acid (PFSA) that acts as a binder to self-attach the carbon agglomerates and 
also forms a network that extends the reaction zone into the full length of the electrode (500 nm-
10 µm). This condition is necessary to ensure higher catalyst utilization and to avoid a reaction 
zone that is only active near the electrolyte. 
The microstructure formation depends on the catalyst support, the type and amount of 
ionomer added, the dispersion medium used during ink preparation, and the fabrication 
conditions [204]. A mixing step which randomizes the electrode components prior to spraying or 
printing eliminates any control over optimal placement within the electrode. In contrast the 
RSDT process provides better control of the final electrode architecture by allowing changes, in 
real time, of component composition, injection rates and process conditions. A cost effective 
electrode must contain a large Pt active surface area with appropriately engineered 
microstructure; optimal texturing of the Pt crystal facets; small kinetic barriers to bulk transport 
and interfacial transfer of protons; egress of electrons and reactant gases; and proper 
management of product water and waste heat. Durability issues can be addressed by attacking 
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the root causes of loss in electrochemical surface area (ESA) during operation. The conditions 
favorable to loss in ESA can be broadly classified into two regimes: i) temperature <80 °C with 
<0.9 V and ii) temperature >80 °C and/or >0.9 V [206]. The first condition results primarily in Pt 
dissolution driven by potential-pH considerations (i.e., graphically represented by Pourbaix 
diagrams) with Pt aggregation and only marginal carbon corrosion [3]. Ohma et al. found that Pt 
dissolution in the cathode with subsequent deposition in the membrane, forming a band, can also 
occur in a relatively short time by under OCV and potential cycling conditions [207]. The Pt 
band greatly enhanced H2O2 formation that further accelerates membrane degradation. 
The second set of conditions leads to rapid corrosion of the carbon support. At elevated 
temperatures, while the cathode is held at oxidative potentials, oxygen atoms are generated on 
the Pt catalyst particles and the carbon atoms react with these oxygen atoms to generate gaseous 
by-products such as CO and CO2 [208]. Increasing the Pt loading increases the rate of gas 
generation thus the mere presence of Pt has been found to accelerate the rate of carbon corrosion 
by one order of magnitude [209]. 
If water is present, then carbon oxidation results from the formation of highly reactive OH 
and OOH radicals on the surface [210]. Borup et al. found that Pt particle size growth is 
accelerated by potential cycling and that the rate of growth increases by cycling to higher 
potentials, at higher temperatures, and with increasing relative humidity [211]. Conversely, the 
rate of carbon corrosion increased with increasing potential and decreasing relative humidity. 
During transient events (e.g., drive-cycle operation), such as start-up and shut-down, degradation 
due to localized fuel starvation or movement of the H2/air front on the anode is a major factor 
limiting the lifetime and can cause a very rapid cathode thinning and structural collapse [212]. 
 64
Transient events can lead to cathode voltage spikes of 1.4 V in the condition of the reverse 
current and local fuel starvation, at which the corrosion of the carbon support is severe [213]. 
2.3 Catalyst Support Anchoring and Electronic Structure 
In 1975, Kunz and Gruver, working on phosphoric acid fuel cells at UTC’s Power division, 
pioneered using carbon as a support for Pt catalysts in polytetrafluoroethylene (PTFE)-bonded 
electrodes [214]. Carbon exists in several different allotropes (e.g., amorphous, graphitic, 
graphene, etc.). These allotropes are capable of providing different type of surface sites, based on 
the sp hybridization, for attaching Pt. Amorphous carbon, commonly referred as ‘carbon black’, 
consists of spherical like primary particles and is manufactured by the incomplete combustion of 
a heavy aromatic feedstock in a hot flame of preheated air and natural gas by the oil furnace 
process. Carbon black is frequently identified by designating the method of preparation (e.g., 
channel black, lamp black, furnace black, oil black, and thermal black). Suitable chemical 
modification, of an otherwise inert surface, must be made in order to ensure adequate catalyst 
dispersion and stability. 
In catalysis, the binding energy of an adsorbate to a metal surface is largely dependent on 
the electronic structure (Pt is dominated by the valence d-band density of states) of the surface: a 
good indirect measure of the bonding strength is the location of the Pt d-band center. Optimal 
binding, for the fastest reaction rate, between a metal surface and a reactant requires a balance 
between too strong an adherence of the adsorbate (causing a prolonged blocking of the active 
site) and too loose an interaction (reducing the time necessary for the electron transfer resulting 
in product conversion). Strong interaction of the support with Pt clusters requires electron 
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transfer between the two. This transfer shifts the d-band center of Pt to higher binding energies. 
This transfer weakens the bonding between Pt and O2 adsorbates while also providing a covalent 
anchoring site. 
The catalytic activity of Pt toward the ORR strongly depends on the adsorption energy and 
dissociation energy of O2 and also on the adsorption energy of the OH species on the surface. 
The adsorption-dissociation energies in-turn are strongly affected by the Pt−Pt interatomic 
distance and also by the Pt d-band vacancy (i.e., electronic structure of the surface) [101]. The d-
band model proposed by Nørskov et al. [215-217], relates the chemisorption energy of oxygen 
species directly to the metal d-band center. Values of the d-band center position are obtained 
from synchrotron-based, high-resolution ultraviolet photoemission spectra [218]. Using such 
low-energy light (relative to XPS) probes the valence band (e.g., d-band) instead of the core 
electronic structure and provides a means to quantify the d-band center. Measurement of the d-
band centers then allows a direct correlation between variations in the catalytic activity for the 
ORR with the variation in the surface electronic structure. 
Strong metal-support interaction (SMSI) has been used as a generic term to describe a host 
of interactions between a platinum catalyst and the support, mostly on oxide surfaces [219]. 
These interactions were observed on cations such as Ta2O5, TiO2 and Nb2O5 in their maximum 
oxidation state. SMSI has been used to describe the contribution of the support to multifunctional 
reaction mechanisms, where the support adsorbs one or more reactants or allows the spillover of 
activated intermediates to secondary sites. Secondly, SMSI has been used to describe cases 
where there is charge transfer between the catalytic metal and the support, leading to a change in 
the electronic structure of the metal catalyst. Though both of these interactions facilitate 
synergistic effects in multicomponent catalyst systems, the main SMSI between Pt 
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electrocatalysts and next generation support materials, and the resulting rearrangement of the d-
electron structure of the supported Pt clusters, has the potential to concomitantly increase cluster 
dispersion and stability by providing anchoring sites for Pt deposition while also increasing their 
electrocatalytic activity [192,216]. 
2.4 Vapor Phase Catalyst Assembly at the Nanoscale 
Circumventing a liquid route and directly catalyzing from the vapor phase (i) allows for the 
direct and efficient deposition of active materials by reaction between surface groups of the 
support and vapors of a suitable volatile compound; (ii) removes several steps required in 
impregnation, such as washing, drying, calcination and reduction; and (iii) avoids changes in the 
metal dispersion that can occur during the high temperature calcination and reduction steps of 
classical methods. Many methods can be used to deposit a catalyst layer on a surface from the 
vapor phase and these methods, applied to general catalysis, have been reviewed by Meille 
[220]. 
A common method for applying Pt films involves physical vapor thin-film deposition 
(PVD) or chemical vapor deposition (CVD). PVD can take place using a variety of energetic 
inputs directed at a target metal. PVD is characterized by both mechanical methods (e.g., 
cathodic sputtering via a glow plasma discharge), and thermal methods (e.g., evaporation, 
electron-beam evaporation, or laser ablation). Sputtering is driven by momentum exchange 
between the ions and atoms in a target material (e.g., Pt) due to collisions.  
Application of thin Pt layers (i.e., unsupported catalyst) either directly onto the GDL or as 
an interface between the electrode and electrolyte has been pursued by dual ion-beam assisted 
 67
deposition [221], pulsed laser deposition [222], and low pressure Radio Frequency (RF) 
inductive plasma sputtering [223]. The original approach for PEMFCs was to sputter a layer of 
Pt on top of a regular Pt/C containing conventional gas diffusion electrode [224]. During 
subsequent assembly into an MEA the Pt utilization was observed to increase; this highlights the 
importance of having Pt located close to the membrane. Recently Gasda et al. used magnetron 
sputtering with glazing angle deposition (GLAD) as a technique to impart porosity [223]. GLAD 
deposited cathodes consisted of either Pt layers or particles applied on GDL substrates using 
deposition angles of 0 and 87°. The mass-specific activity was better for Pt layers at low current 
densities but higher for Pt particles at high current densities. These results are illustrative of the 
effect that Pt surface area and porosity impart on catalytic activity. The film layers had a higher 
catalytically active surface area whereas the particle microstructure showed more efficient mass 
transport for oxygen and water. The lack of porosity in sputtered films is often a detrimental 
drawback to efficient Pt utilization. GLAD exploits atomic shadowing effects to cause 
preferential growth on mounds of a rough surface and results in the development of separated 
aligned nano-columns with various nano-engineered shapes to circumvent the traditional 
porosity limitations. This approach has been further developed by growing carbon nanorods onto 
silicon wafer substrates, coating the nanorods with Pt by magnetron sputtering, and transferring 
them from the Si wafer to PEMs [225,226]. 
The current leader in using vacuum coating to deposit ultra-thin platinum films and alloy 
catalysts onto electrically inert whiskers for both PEM fuel cells and electrolyzers is 3M 
[227,228]. This ‘vacuum physical-vapor-deposition’ process has been scaled up by 3M. A good 
example of the extent to which their technology has been developed is demonstrated by ‘roll-
good manufacturing’ [227] which has produced over 202,000 linear feet of NSTF substrate, 
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coated catalyst supports, and catalyst coated membrane for process development, qualification 
and customer use since tracking started in 2006. The support layer is deposited first onto a 
microstructured catalyst transfer substrate (MCTS) via a vacuum roll-good process. Then 
catalysts are sputter-coated on top of the whiskers so as to encapsulate them with a 
polycrystalline thin film. Composition and structure of the catalyst coating is determined by the 
arrangement and composition of the sputtering targets [229]. 
The CVD route is less common in the PEM literature in applying the platinum to the 
support but is a common route of manufacture for carbon based single- and multi-walled 
nanotubes and fibers [230,231]. Nevertheless CVD has been applied via organometallic chemical 
vapor deposition (OMCVD) fluidized bed reactors to make 1 wt. % Pt onto highly ordered 
pyrolytic graphite (Degussa Hydraffin) from (1,5-cyclooctadiene) dimethylplatinum(II) [232]. In 
this process the reactor is charged with vapors of the Pt precursor and sublimated for one hour on 
the support at 75 °C with He as the low pressure fluidizing gas. Finally H2 in introduced and 
reduction occurs at 120 °C. 
A good review of current fabrication methods that includes the vapor route are summarized 
in a review by Wee et al [233] while Letster and McLean describe in detail the history of 
sputtering methods for Pt formation [202]. However, none of these vapor methods produces a 
supported Pt catalyst that also allows for direct application to the electrolyte or GDL in an open 
atmosphere continuous process. 
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CHAPTER 3:  
Catalysts for Water Electrolysis 
3.1 Water Electrolysis and Oxygen Reduction by Proton Exchange 
Membranes 
A proton exchange membrane (PEM) functions as a semi-permeable separator to allow the 
transport of protons, isolate chemical reactants, and create an electrical insulation between two 
electrodes. The most commonly used PEM is Nafion, a DuPont product developed in the late 
1960s as a permselective separator for chlor-alkali electrolyzers [234]. Nafion is formed by free 
radical initiated copolymerization of a crystallizable hydrophobic tetrafluoroethylene (TFE) 
backbone sequence with a co-monomer having pendant side chains of perfluorinated vinyl ethers 
terminated by perfluorosulfonic acid groups [235].  
PEM water electrolyzers (PEMWEs) utilize the PEM membrane, water, electrodes, and 
externally supplied electrons to pump protons up a chemical potential. The final products of 
acidic electrolysis are hydrogen on the cathode and oxygen on the anode. The overall chemical 
reaction, known as water splitting, is written as: 
2 H2O (l)  2 H2 (g) + O2 (g)                [3.1] 
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The hydrogen produced by a PEMWE, when powered by renewable sources of energy, 
provides a clean, efficient, energy carrier decoupled from the carbon cycle [236-238]. A PEM 
fuel cell (PEMFC) operates in reverse of a PEMWE in that oxygen and hydrogen are combined 
to produce water and electrons. When a PEMWE is combined at the systems level with a 
PEMFC the unit becomes capable of both energy conversion (fuel-cell mode) and energy storage 
(electrolysis mode). Two variants of the fuel cell and electrolyzer combination exist. In one 
embodiment, termed the unitized regenerative fuel cell (URFC), the electrochemical reactions 
for fuel cell and electrolyzer mode occur on the same electrode. An electrode capable of 
catalyzing the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) is 
defined as a bifunctional oxygen electrode (BOE). In URFC systems, the oxygen and hydrogen 
electrodes function in both oxidation and reduction modes. The URFC integrates the fuel cell 
and electrolyzer units into a more compact configuration. Alternatively, the regenerative fuel cell 
(RFC) works by keeping the fuel cell and electrolyzer as separate units. A key advantage in 
using the URFC system is that water electrolysis and the hydrogen-oxygen recombination 
reactions occur on the same electrode to save valuable system real estate. The RFC consists of 
two separated subsystems: a fuel cell and an electrolyzer [239]. The benefit in using the RFC 
configuration is that each electrode can be optimized for only one reaction, i.e., reduction or 
oxidation.  
A parallel exists between the charge-discharge modes in a secondary battery and the 
electrolyzer-fuel cell modes in a RFC or URFC. The charging analogy occurs when H2 is 
produced via electrolysis and stored for future use. The discharging occurs when the H2 is fed to 
the fuel cell and converted to direct current (DC) and water. 
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3.2 Oxygen Evolution Catalysis 
The rate-limiting step for water splitting is the activation of water at the anode for the OER 
which requires overpotentials above 1.23 V [240]. The sluggish kinetics of the OER requires the 
use of a noble metal electrocatalyst. In comparison, the overpotentials for H2 evolution are much 
smaller [241]. The thermoneutral voltage, a state whereby no heat exchange occurs with the 
surroundings and all of the energy driving the electrolysis process comes from the electrical 
input energy, occurs at 1.48 V [242]. In order to generate appreciable current from water 
splitting, commercial electrolytic cells operate at voltages higher than thermoneutral. This excess 
potential generates heat that must be managed in the system design. In biological systems, 
oxygen-evolution catalysts fortunately avoid the use of rare noble metals and instead perform 
electrolysis with clusters of abundant transition metals such as Fe, Cu, Mo, Co, and Mn [243]. 
Oxygen evolution occurs during the photosynthetic respiration of plants using two protein 
complexes operating in series. During respiration, photo-excited electrons are transferred to 
enzymes and cofactors and these electrons must be replenished. This regeneration occurs in 
photosystem II by the oxidation of water to release electrons, hydrogen ions and molecular 
oxygen. Photosystem I then generates the reductant used in CO2 reduction completing the 
respiration cycle [244]. 
According to ab initio modeling by Rossmeisl et al. [241] and recent work by Suntivich et al. 
[245] the OER activity universally depends on the O2 binding strength. Miles et al. [246] 
experimentally demonstrated that the electrocatalytic activity towards oxygen evolution in 
H2SO4 has a negative correlation with Pt content. Miles et al. found that Ru has the best activity. 
Alloys of RuIr, RuO2 supported on TiO2, and Ir each have a similar activity albeit lower than Ru. 
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The performance drops further in alloys of IrPt followed by alloys of RuPt, and finally the 
catalyst with lowest OER activity is Pt. The type of acid has very little effect on the kinetic 
parameters. Furthermore, Miles et al. attributed the lower electrocatalytic activity in catalysts 
containing Pt catalysts to the formation of a deactivating PtO2 film. 
3.3 Oxides of Ir and Ru for Electrolysis 
Driven largely by development of dimensionally stable anodes (DSAs) for the chlor-alkali 
industry, oxides of Ir and Ru have been used as catalysts on titanium substrates since the late 
1960’s [247]. Unfortunately, DSAs in PEMWEs are compromised by difficulty in obtaining a 
suitable contact between the electrocatalyst and the electrolyte [248]. Pt is the heritage catalyst 
typically used in PEMFCs. A successful catalyst must fully utilize the Pt without loss in 
performance or unwanted sacrifices in durability. Various methodologies have been developed to 
reduce the Pt mass loading (mgPt/cm2) in PEMFC systems [249]. Dispersion of the catalyst onto 
high surface area carbon supports, alloying, and formation of core-shell structures have all been 
used with various degrees of success [192,193,216,250,251]. While Pt is a good catalyst for 
oxygen reduction it is poor for oxygen evolution and is not stable at the high OER potentials 
used in acidic water electrolysis [248,252]. Ir increases the activity and stability of Pt as a BOE 
in URFCs both in oxygen reduction and oxygen evolution modes [253].  
Dispersion of the catalyst onto a support as a strategy to reduce precious metal use is not 
possible on the carbon dispersants used in PEMFCs since carbon combustion occurs under the 
strong oxidizing conditions (pure O2) in acidic environments (i.e., 0.5 M H2SO4). 
    C+H2O→ CO2 +4H+ +4e− 0.96 V vs RHE                  [3.2]  
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Ru exhibits the best onset potential towards water activation but forms a film of RuO2 
during anodic polarization [254]. This hydrated oxide film is unstable and eventually dissolves 
[255,256]. Bulk RuO2 is more active near the thermoneutral voltage; however, corrosion again 
converts this species to the soluble, unstable RuO4. Kotz and Stucki showed that even small 
amounts of IrO2 (20%) reduce the corrosion rate to 4% of the original value [257]. Fortunately, 
Ir4+ forms a solid solution with the RuO2 lattice. This solubility is due to a similar atomic radius 
between Ir4+ (0.077 nm) and Ru4+ (0.076 nm) [258]. The IrO2 performs a dual role by both 
increasing stability and reducing the overpotential compared to RuO2 [252]. McDaniel and 
Schneider [259] reported a continuous range of solid solubility for the RuO2-IrO2 system with 
the oxides stable up to 1020oC. This solubility occurs because both adopt a rutile-type structure. 
Dissolution occurs by substitution owing to the similar radii. Unusual to the bonding in most 
metal oxides, both Ir and Ru oxide exhibit a delocalization of the outer shell electrons that give 
rise to a metallic-type binding; the electrical conductivities in these metal oxides are some of the 
highest known [260].  
Oxygen evolution catalysts have also been employed in PEMFC cathodes to favor oxygen 
evolution over carbon corrosion [181,216], a drawback in this approach is the difficulty in 
forming a porous layer so that additional mass transport resistances are avoided, and the cost 
incurred by Ir and Ru [261]. Ir is a platinum group metal, with a relative abundance in the earth’s 
crust less than one tenth than that of Pt, and economics dictates a rationing approach similar to Pt 
in catalyst design [262,263]. 
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3.4 Catalyst Film Formation 
IrO2 forms a solid solution with Ru or Pt, therefore a range of compositions can be expressed by 
noting the Ir elemental ratio by x (0 ≤ x ≤ 1) in the chemical formula [246,264]. Additionally, 
non-stoichiometry between the oxide and metallic forms is denoted by y, the oxygen deficiency. 
Methods to form films of IrxRu1-xO2-y or IrxPt1-xO2-y fall into two categories: direct or indirect. 
Direct, dry film formation (e.g., sputtering, chemical vapor deposition (CVD) or flame based 
processes such as reactive spray deposition technology (RSDT)) combines the synthesis and 
formation into one step. Indirect, wet-methods require powder synthesis (e.g., pyrolysis of 
chloride salts, hydrolysis, Adam’s fusion, or microwave-assisted polyol process method) 
followed by an electrode-formation step (e.g., tape casting, ink spraying, or screen printing) 
[253,260,265-271]. A variety of processing routes for producing thin films of transition metal 
oxides are available including CVD, Physical vapor deposition (PVD), and sputtering [272], 
however, these direct, dry film-formation techniques are batch processes that require vacuum 
equipment which then drives up the capital costs [154,273]. Recent advances in high-throughput 
combinatorial studies have enabled the search for binary and ternary OER electrocatalysts made 
by an impregnation/freeze-drying and subsequent annealing step or reduction via NaBH4 
[274,275]. Wet powder-methods require purification of the powder, slurry formation, film 
formation and subsequent drying. In order to avoid the added processing steps required by wet-
powder methods and the use of inherently batch vacuum methods, our approach to thin-film 
formation is via the dry, direct and continuous RSDT technique [81,266,276]. 
Regardless of the processing technique used, for film formation, the surface mixed oxides 
can form a homogeneous solid-solution whereby Ir and Ru are atomically mixed in the crystal 
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lattice, they can be present as separate crystallites, or exist a combination of both [271,277]. It 
has been reported [270] that the film surface changes dramatically, from the “as-prepared” state, 
after voltage cycling due to oxidation and surface restructuring and that a significant amount of 
hydration occurs in the oxide layers [277]. 
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SECTION II: 
SYNTHESIS AND EVALUATION  
OF PT FOR OXYGEN REDUCTION 
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CHAPTER 4:  
A Study on Reactive Spray Deposition 
Technology Processing Parameters in the 
Context of Pt Nanoparticle Formation 
The purpose of this work was to evaluate and analyze the process conditions used to synthesize 
Pt by Reactive Spray Deposition Technology (RSDT), a flame synthesis method. Flame 
dynamics inside the reactor are determined by the input process variables such as solubility of 
precursor in the fuel; solvent boiling point; reactant flow rate and concentration; flow rates of air, 
fuel and the carrier gas; and the burner geometry. In this study the processing parameters for 
RSDT are systematically evaluated to understand the time and temperature profile of a flame for 
synthesis of Pt nanoparticles. The flame temperature, length, and radiance are studied as a 
function of oxidant and fuel flow rates. Precursor chemistry, processing conditions and costs 
related to both the process and raw material are discussed. The work presented in this chapter has 
been submitted to Aerosol Science and Technology (Taylor & Francis) for review. 
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4.1 Experimental 
4.1.1 Flame-based Deposition System 
Process analysis for the RSDT system was performed on a custom-made deposition system that 
consists of the following sub-systems: Isco 500D syringe pump and precursor reservoir 
(Teledyne Isco, Lincoln NE); EasyHeat 0112 (Ameritherm, Scottsville, NY) induction heating 
power supply with custom helical coil; custom-made atomizing burner [82,90]; and a linear 3-
axis servo-driven motion system to sweep the substrate across the deposition zone (Techno Isel, 
New Hyde Park, NY).  
4.1.2 Atomizing Burner  
Details of the process are described in references [82,90]. The heating stage consists of a 316 
stainless steel tube (Cadence Science, Cranston RI) that has an outer diameter of 0.159 cm is 10 
cm in length, and has an inner diameter of 0.25 mm. Soldered to the end of the tube was a 32 
gauge hypodermic insert with a length of 1.8 cm and an inner diameter of 100 µm. The 
hypodermic insert acted as a flow restrictor to induce a fast pressure drop just prior to exit into 
the atomizing/mixing zone. The tube was heated by induction using a custom helical coil. The 
control point for monitoring the process temperature was located 9.9 cm from the entry of the 
tube and set to a value of 190°C. Precursor solution was continuously passed through the heating 
stage at flow rates of 3-6 mL/min. The hypodermic insert was surrounded by a ∅ 0.38 cm 
concentric channel; the channel supplied 99.8% oxygen (Airgas East Inc., Cheshire CT) as the 
fuel oxidant as shown in Figure 2 of reference [82].  
 79
The length of the atomizing/mixing zone is 0.20-0.38 cm. The ignition zone consists of six 
circular ports having a ∅ 0.05 cm and angled at 45° to the centerline of the hypodermic needle. 
The six ports were evenly spaced on a 0.32 cm radius around the hypodermic insert. These ports 
supply a pre-mixed methane (99.999% Airgas East Inc., Chesire CT) and O2 stream that is 
ignited to provide the primary ignition source for droplets exiting hypodermic needle.  
4.1.3 Flame Monitoring 
The centerline and radial temperature measurements in the flame were made with a 0.5 mm thin-
wire Pt-Rh thermocouple (Type B, Omega Engineering) mounted to the 3-axis servo-driven 
motion system. The radiant intensity of the flame as a function of wavelength was monitored 
between 340 and 1022 nm by mounting an Ocean Optics JAZ spectrometer system utilizing a 
650 mm-1 grating density and a SONY ILX-511B CCD detector installed with a 350-1000 nm 
filter. The probe, a Gershun tube with a 1° aperture was fitted to the end of a 400 µm diameter 
polyimide buffer high OH content silica fiber assembly, was positioned orthogonal to the spray 
axis on a manual 3-axis linear slide. Velocity profiles, recorded by a 407123 Extech hot wire 
thermo-anemometer, were measured along the central spray axis mounted to the 3-axis servo-
driven motion system. Flame images were obtained using Canon EOS 60D DSLR 18 megapixel 
camera set to an f-number of 36 and a shutter speed of 1s except as noted.  
Droplet size measurements were performed using a Malvern Spraytec analyzer with a 632.8 
nm, 5 mW helium-neon laser and a 36 element log-spaced silicon diode detector array using a 
sampling volume 5 cm from the nozzle face. 
 4.2 Results  
A detailed view of the RSDT atomizing nozzle is shown in Figure 
shown imposed on a close-up view of the atomizing burner to further clarify the geometry of the 
system in Figure 4.1.  
Figure 4.1: Expanded view of the atomizing
streams in relation to the heating, atomizing/mixing, and combustion zones for a fuel flow rate of 
4 mL/min and an O2 flow rate of 13.6 L/min.
The precursor and solvent enter
heated by a helical induction coil comprising 7 loops between the entrance port at tube 1 to the 
end of the heating zone. At a flow rate of 4 mL/min the residence time of the solution in tube 1 is 
~76 ms (internal volume of tube is ~5 
volume ~0.15 µL). The fluid flows in both tubes are fully developed flow since the l
1 is 394 while lo, tube 2/do, tube 2 is 177, where l
the precursor in each tube is calculated as follows:
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4.1. The proces
-burner showing the entrance and exit of the fluid 
 
 the atomizing-burner through tube 1 whereby they are 
µL) while the residence time in tube 2 is ~2 ms (internal 
o is the length and do is the diameter. The velocity of 
 
s streams are 
 
o, tube 1/do, tube 
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a  9 /2          '4.1) 
This gives a velocity of 1.3 m/s in tube 1 and 8.2 m/s in tube 2. The Reynolds numbers for 
solution flow are calculated as 
b  :acdefg            '4.2) 
A value of 534 and 1341 are found for tubes 1 and 2 respectively indicating laminar flow in 
these sections of the tube.  
A typical solution used in the RSDT process for synthesis of Pt nanoparticles consists of 
xylene, acetone, propane, and Pt-acac in the mass proportions listed in Table 4.1.  
Table 4.1: Formulation of a representative solution used in the RSDT process for synthesis of 
Pt nanoparticles  
 
Solution 
composition 
Mass 
Kg 
 
wt. 
ratio 
molecular 
mass 
g/mol 
 
moles 
 
mol ratio 
density 
kg/m3 
 
vol ratio 
xylene (mixture -
o, -m, -p) 0.3 0.6186 106.16 2.83 0.443 864 0.544 
Acetone 0.1 0.2062 58.08 1.72 0.270 791 0.198 
Propane 0.081 0.1670 44.1 1.84 0.288 493 0.258 
Pt 
(acetylacetonate) 0.00395 0.0081 393.29 0.01 0.002 0 0 
 
This gives a mass weighted average solution density of 779.9 kg/m3. Experiments are 
performed at a flow rate of 3-6 mL/min. The flow conditions for each component at 4 mL/min 
are shown in Table 4.2. 
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Table 4.2: Mass, volume and molar flux for a representative solution used in deposition of Pt 
nanoparticles in the RSDT process. 
Solution component L/min kg/min mol/min 
xylene (mixture -o, -m, -p) 0.002177 1.881E-03 1.772E-02 
Acetone 0.000793 6.270E-04 1.080E-02 
Propane 0.00103 5.079E-04 1.152E-02 
Pt (acetylacetonate) 0 1.02E-07 1.021E-07 
Total 0.004 3.016E-03 4.003E-02 
 
The solution passes through the induction heating zone and is exposed to the 316 stainless 
steel wall of tube 1. The tube is heated to 190oC indicated as point Tcontrol in Figure 4.1. 
Measurements of tube 1 temperature at 3.5 cm from the entrance port indicated a wall 
temperature of ~40oC. Measurements of the temperature of xylene passing out of the exit orifice 
of tube 2 and striking a thermocouple indicate a temperature of 45oC.  
Atomization of a jet occurs when the pressure drop and decrease in viscosity (due to 
heating) overcome the surface tension of the fluid. The Weber number, a dimensionless number, 
expresses the ratio of the fluid's inertia (aerodynamic) and surface tension forces and is useful in 
describing the breakup of a drop in a flowing stream. 
h   :i;j                 '4.3) 
where : is the density of the liquid, i is the velocity of the liquid,  is the characteristic 
length (droplet diameter) and j is the surface tension. A higher Weber number denotes that the 
deforming external pressure forces are larger than the tendency of the surface tension to maintain 
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the droplet shape. The initial break-up condition occurs when the aerodynamic drag equals the 
surface tension. 
#H   9
;
4 0.5:l;   9j              '4.4) 
As an approximate estimate, the surface tension of a mixture of ~62 wt.% xylene and ~21 
wt.% acetone and 17 wt. % propane at 25oC is ~23.6 mN/m with a mass averaged density of 
779.9 kg/m3. Therefore droplet breakup would occur when #H = 1.6e-3 mN for 20 µm diameter 
droplets. Assuming the velocity of the droplets is the exit velocity from tube 2 and using the 
mass averaged densities and surface tensions then the Weber number is ~42.  
However, as described in Figure 4.1 tube 2 is centered in an opening through which the O2 
is passed in a coaxial geometry; this is also shown in Figure 2 of Roller et al. [82]. The opening 
of the O2 supply channel is 0.114 cm2 while the tube 2 cross section is only 3.2E-4 cm2 (356:1). 
Mass and volume flow rates for a typical deposition are listed in Table 4.3. 
In previous work by Roller et al. [81,82] the fuel flow rate was kept constant at 4 mL/min 
(13.1 mM/min xylene, 20.0 mM acetone, and 10.2 mM/min propane) while the O2 flow rate was 
set to 1,428 millimole/min (~13.6 L/min), giving an equivalence ratio of ~0.58 indicating an 
oxidant rich flame. 
Table 4.3: O2 flow characteristics calculated for supply channel shown in Figure 4.1 with a fuel 
flow rate of 4 mL/min.  
Oxidant gas (tip oxygen) flow rate, Qox mass flow, ox Air-liquid-mass Velocity, Vox 
  L/min kg/min ratio ox / fuel m/s 
oxygen 13.6 0.0181 6.01 19.90 
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In order to better understand the relationship between nozzle temperature, Tcontrol, in Figure 
4.1, and the output droplet size a series of experiments were performed at a fixed distance of 5 
cm from the face of the nozzle. Two different solutions were prepared each containing 54 vol.% 
xylene, 20 vol % acetone, and 26 vol.% propane. One of the solutions also had 10 mM of Pt-acac 
dissolved in the solvent. The droplet data is displayed in Table 4.4. 
Table 4.4: Results of droplet size measurements as a function of nozzle temperature at a fixed 
flow rate of 4 mL/min and O2 flow of 13.6 L/min, with and without Pt-acac. 
  Tcontrol D3,2 Dv,50 RSF Trans. Cv SSA 
solution °C µm µm span (%) PPM m2/mL 
54 vol% xylene, 
20 vol.% 
acetone, 26 
vol.% propane 
and 10 mM Pt-
acac 
150 12.82 17.08 1.64 93.4 2.64 0.4681 
160 12.75 17 1.627 93.6 2.56 0.4707 
170 12.6 16.84 1.611 93.6 2.525 0.4762 
180 12.57 16.75 1.598 93.6 2.498 0.4774 
190 12.37 16.64 1.592 93.8 2.392 0.4852 
200 12.28 16.55 1.583 93.8 2.361 0.4886 
250 11.92 16.19 1.558 94.1 2.175 0.5034 
54 vol% xylene, 
20 vol.% 
acetone, 26 
vol.% propane 
150 12.2 14.93 1.623 93.2 2.638 0.492 
160 12.05 14.93 1.64 93.3 2.524 0.4978 
170 12.02 14.87 1.642 93.5 2.427 0.4991 
180 11.8 14.63 1.653 93.6 2.34 0.5086 
190 12.1 14.41 1.654 93.7 2.417 0.4959 
200 11.95 14.25 1.669 93.9 2.333 0.5023 
 
D3,2 is the sauter mean diameter (SMD), Dv,50 is the volume mean or mass mean diameter, 
Cv is the concentration volume, RSF is the relative span number (dimensionless). RSF represents 
the uniformity of the drop size distribution.  
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The SMD diameter is calculated based on the volume to surface area ratio. It is equal to the 
sum of the cube of all diameters divided by the sum of the square of all diameters. This yields a 
characteristic droplet diameter that has a volume-to-surface-area ratio equal to the volume-to-
surface-area ratio of the entire spray. This metric is important since heat transfer occurs at the 
interface of the droplets and the surrounding air. Enhanced evaporation occurs when the active 
surface area is maximized and the internal volume is minimized. Transmission (Trans.) is the 
percent light transmission through the spray. If this value is below a certain limit, the spray 
density may be too high and multiple-scattering errors may result. Specific surface area (SSA) is 
the surface area of the spray, expressed as square meters per cubic centimeters of droplet. The 
distribution of each solution under different Tcontrol values is plotted in Figure 4.2.  
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Figure 4.2: Droplet size as determined by laser diffraction at a sampling distance of 5 cm from 
the nozzle face using a) 54 vol.% xylene, 20 vol % acetone, and 26 vol.% propane and b) 54 
vol.% xylene, 20 vol % acetone, 26 vol.% propane and 10 mM of Pt-acac. 
a) 
b) 
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Upon formation the droplets are immediately mixed with a volume of O2 exiting the 
annulus between tube 2 and the outer wall of the nozzle. The relative volume ratio between the 
two streams is 3,400:1. A bluish luminescence from the combustion of the fuel droplets occurs 
within 2-3 mm of the spray exit from tube 2. The blue color extends approximately 5-6 mm 
before breaking into a characteristic dull white-yellow emission. As the flame length is traversed 
the white-yellow color takes on a more distinct yellow color due to incandescence of soot 
particles.  
Observations of the flame (luminous portion) geometry for estimating the temperature of 
the plume gas at a fixed distance are shown in Figure 4.3A and the geometry of the flame versus 
the fuel flow rate is shown in Figure 4.3B.  
 Figure 4.3: A) Experiental set-up for measuring the gas t
17.7 cm from the nozzle face and B) for capturing the
flow conditions at a fixed O2 flow rate of 3.71 L/min. 
The temperatures in the upper portion of 
measured at 17.7 cm from the nozzle face using the set
rates of 4 and 5 mL/min the O2 flow was changed from 2.32 L/min to 9.30 L/min. The resulting 
flame profiles and temperatures at a fixed distance of 17.7 cm are depicted in Figures 
mL/min) and 4B (5 mL/min). P
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emperature Tgas, at a fixed distance of 
 geometry of the flame under different fuel 
 
4.3B depict the temperature of the combustion gas 
-up in Figure 4.3A. At fixed fuel flow 
lots of trends in flame length, cross-sectional area, width, and 
4.4A (4 
 temperature at 17.7 cm are shown in Figure 4.4C while Plots of the flame temperature at 17.7 cm 
as a function of O2 flow rate at fuel flow rates from 3 to 6 mL/min are shown in Figure 4.4D
Figure 4.4: Profile of several flames at fuel flow rates of A) 4 mL/min and B) 5 mL/min at O2 
flow rates between 2.32 and 9.3 L/min.
substrate temperature as a function of O
(vertical lines indicate stoichiometric O
flow rate with changing fuel flow rates. 
The flame temperature as a function of lateral and radial distance from the atomizing
burner is crucial to understand the temperature field that the forming particles traverse. When the 
flame temperature is linked to the spatial and temporal history of an 
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 C) Plots of the flame length, width, projected area, and 
2 flow rate at a constant fuel flow rate of 4 mL/min 
2 flow rate). D) Flame geometry under a constant oxidant 
 
evaporating droplet the 
.  
 
-
 location of particle formation can be estimated. The highest temperature in liquid fuel 
combustion occurs when droplet evaporation is complete 
when air is used as the oxidant this occurs toward th
complete droplet evaporation the Pt
generate Pt. The decomposition profile of Pt
a ramp rate of 3 °C/min as shown in Figure 
Figure 4.5: Decomposition profile of Pt
Pt-(acac)2 contains 49.6 wt.% Pt and Figure 
been decomposed by 257°C. The TGA result shows a ~17% 
to the volatility of Pt-(acac)2 with a vapor pressure of ~ 0.5 kPa at 210
The radiant intensities of several flames were monitored by a spectrometer under various 
oxidant stoichiometric ratios as shown in Figu
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[120]. In poor mixing conditions or 
e edges (sheath) of the flame 
-(acac)2 must be exposed to an adequate thermal history to 
-(acac)2 in air was measured as a function of time at 
4.5.  
-(acac)2 in air at a ramp rate of 3°C/min. 
4.5 shows that the hydrocarbon portion has 
deviation and this may be attributed 
°C [278].  
re 4.6A. The plots in 4.6B and 
[73]. After 
 
 
4.6C were 
 generated by integrating the radiant intensity as a function of the O
and radial distances along the flames. 
Figure 4.6: a) Emission profile between 340 and 1022 nm at various oxidant flow rates sampled 
at a constant location 5 cm from the nozzle face, b) integrated intensity of an RSDT flame 
sampled at different axial and c) radial distances from the nozzle face plotted as
oxidant stoichiometry. 
The temperature of the flame was estimated from the relative intensity of particle radiation 
emission in two narrow wavelength bands 
radiating source by Planck’s law, assuming the emitter acts as a grey body between the two 
wavelengths according to the following equation: 
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2 stoichiometric ratio at axial 
 
[279]. The intensity is related to the temperature of the 
 
 
 function of 
 Where  is the instensity, C
W-µm4-m-2-sr-1 and C2 = 1.4338 cm
wavelength dependent emissivity. 
temperature can be expressed as:
The flame emission intensity was probed at several axial points along the center
flame and the temperature was plotted as shown in Figure 
Figure 4.7: Temperature profile of the flame as estimated by relative intensity of particle 
radiation at wavelengths of 490 nm and 500 nm as a function of A) axial distance from the 
nozzle face or B) O2 flow rate measured axial along the luminous part of the flame. 
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1 and C2 are two fundamental constants, with C
-K,  is the wavelength,  is the temperature, and 
By taking the ratio of the intensities at two wavelengths the 
 
 
4.7. 
1 = 0.596 x 108 
 is the 
-line of the 
 
 
 The missing points in Figure 
to have a wide range of measurement values a 1
avoid oversaturating the detector. At distances > ~9.5 cm only the 2.3 L/m
produced a long enough flame for measurement. Additionally, the center
measurements in the flame were made with a 0.5
radial positions along the flame as shown in Figure 
Figure 4.8: Temperature profile of the flame as recorded by a Type B Pt
function of the A) axial distance from the atomizing
distance from the flame centerline. 
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4.7 A and B result from the experimental conditions. In order 
° aperture was placed on the Gershun tube to 
-
-mm thin-wire Pt-Rh thermocouple at axial and 
4.8.  
 
-Rh thermocouple as a 
-burner face, B) O2 flow rate, and C) radial 
 
in O2 flow rate 
line temperature 
 
 Turbulent flame velocities a
dynamics of the jet, and the two are interdependent.
requires significant computational effort. In order to physically measure the velocity field, a thin
wire anemometer was mounted on a translation stage and the velocity was mapped at various 
distances from the exit of the atomizing
maximum operating temperature of the anemometer is ~50
without the flame burning. Due to the atomizing
probe could not be brought closer than ~3.5 cm. The velocity from 3.5 cm to the nozzle face was 
estimated by fitting a 2nd order polynomial to the data and extrapolating to 0 cm. The residence 
time plotted in 4.9B was estimated by integrating the data in 
Figure 4.9: Velocity profile, recorded by an Extech hot
extending from centerline of the nozzle and b) the calculated particle residence time estimated 
by fitting a 2nd order polynomial to the data in part A
Expansion of the reactants after combustion leads to an increase of 
expansion will also contribute to a velocity increase. Since the anemometer was limited in the 
operating temperature to 50 °C it could not be used to measure this effect.
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re dependent not only on the fuel chemistry, but also the fluid 
 As a result, prediction of the velocity field 
-burner, the velocity profile is plotted in Figure 
oC so measurements were made 
-burner positioning hardware the anemometer 
Figure 4.9A.  
-wire anemometer, along the axis a) 
, extrapolating to 0 cm and then integrating.
~1.2 moles of gas. This 
 Phase Doppler Particle 
-
4.9. The 
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Anomometry (PDPA) can be used to non-intrusively measure the velocity of the combustion 
gases.  
4.3 Discussion  
The discussion will follow the order in which the process takes precursor and converts it into Pt. 
A detailed breakdown of the key process input parameters for producing nanoparticles using 
flame processing is tabulated in Table 4.5. The chemical and physical aspects of the parameters 
are separated in order to differentiate the chemistry and rate influences on the process. The 
ranges are listed to give bounds to the process parameters discovered using RSDT as the 
synthesis platform for Pt.  
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Table 4.5: Chemical and physical process parameters for synthesis of Pt by RSDT 
 
Species Unit Range Effects 
CHEMICAL INPUTS 
Solvent xylene, acetone, propane wt.% 
xylene: 40-60% 
acetone: 15-30% 
propane: 15-25% 
solubility of precursor, atomization 
(droplet size, distribution, and 
velocity), temperature of flame (i.e., 
enthalpy of combustion), 
combustion dynamics  
precursor Pt-
acetylacetonate 
molarity, 
M 0.001-0.02 M 
solubility, decomposition 
temperature, location of 
vaporization in flame, tendency to 
foul the burner, cost 
oxidant oxygen wt.% 21-100% 
equivalence ratio, cost, oxidizing 
strength of flame and temperature of 
flame 
pilots oxygen and 
methane wt.% 30-50% CH4 
ignition point, temperature of the 
exit orifice, and tendency for 
fouling 
quench  dry air wt.% 100% rate of cooling and cost 
PHYSICAL INPUTS 
solvent flow 
rate 
xylene, acetone, 
propane L/min 
0.003-0.006 
L/min 
metal flux, pressure drop in burner, 
droplet size, length of flame, 
temperature of solvent, droplet 
lifetime, and substrate temperature 
oxidant flow 
rate oxygen L/min 0-13 L/min 
equivalence ratio, temperature of 
flame, turbulence of flame, shaping 
of spray angle, air-to-liquid ratio, 
flame velocity, evaporation rate, 
and atomization 
pilots oxygen and 
methane L/min 0.6-1.2 L/min 
ignition point, temperature of the 
exit orifice, and tendency for 
fouling 
quench  dry air L/min 0-100 L/min 
crystallinity, substrate temperature, 
phase, entrained air, momentum to 
direct secondary spray at substrate, 
mixing and deposition efficiency 
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Clearly, the input parameters are not only coupled but can also have influence over multiple 
realms of the process. For instance, the oxidant flow not only creates turbulence in the flame but 
also controls the stoichiometry and hence the temperature of the flame. In order to produce Pt 
nanoparticles an adequate solvent and solute system must be identified.  
4.3.1 Solvent Composition and Resultant Physical Properties 
Organic solutions with a high solvation capacity and enthalpic heat of combustion are ideally 
suited for RSDT. An ideal solvent is easy to handle, safe, low cost and available to solvate a 
wide range of metal-organics. A high solubility is required to increase the process yield. The 
flow and spray characteristics of most atomizers are strongly influenced by the liquid properties 
of density, viscosity and surface tension. This again highlights the multiple influences that input 
parameters can have on the process. For instance, a solvent may be ideal for solvation of a metal-
organic but have other properties (i.e., high surface tension or density) that negatively affect 
atomization.  
The solvation capacity of a solvent depends primarily on its structure which results in 
polarity, electron delocalization, hydrogen bonding, and Van der Waals interactions. Xylene is 
an aromatic hydrocarbon, acetone is a highly polar C3 ketone, and propane is a gaseous C3 
hydrocarbon capable of only Van der Waals interactions. The saturation concentration of a 
metal-organic in solution can be determined either empirically or estimated according to methods 
that allow for modeling and then predictive combinations of solvents to give the desired 
characteristics of cost, concentration, enthalpy, and/or surface tension.  
Flanagan et al. [91] developed a design-of-experiments approach for modeling activity 
coefficients for Pt-(acac)2 in various binary-quaternary solvent systems. By experimentally 
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determining the saturation concentration in various solvent(s) the activity coefficient can be 
calculated from the entropy of fusion, melting point, and mole fraction solubility. By measuring 
multiple different volume fractions of the components in the solvent system under study then the 
activity coefficient data can be fit to a Scheffe mixture model to generate adjustable fitting 
parameters. The fitted equation can then be used to predict the activity coefficient of other 
combinations of the desired mixture in a predictive fashion. Flanagan et al. were able to 
determine solvent combinations capable of holding 67.5 mM/L of Pt(acac)2. Empirically 
determined solubility data for the acetone, xylene, and propane mixture put an upward limit of 
~20 mM whereas practical limitations require concentrations in the 5-10 mM range. Propane is 
generally adverse to solvation of the precursor due to its hydrocarbon structure lacking any 
functional groups. Therefore, propane is added to the solution, as a compromise to aid droplet 
breakup by effervescent atomization. In addition, propane undergoes a liquid to vapor phase 
change immediately upon exit from the nozzle face and this rapidly increases the concentration 
of gaseous fuel near the burner exit. This effect will accelerate the evaporation and burning rates 
of the remaining droplets.  
4.3.2 Precursor Delivery to Nozzle 
The next stage of the process is to pass the precursor solution through the atomizing-burner to 
create efficient atomization. The tube in the heating zone is heated by induction (eddy currents 
generated by electromagnetic induction cause joule heating of the conduit). The size difference 
between the inlet and outlet portion of the conduit creates a distinct pressure drop at the end of 
the conduit, just before discharge into the pilot burner assembly. Typical pressure drops of ~140 
psi are observed at 4 mL/min. This restriction prevents the liquid feedstock in the conduit from 
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vaporizing prematurely in the nozzle and precipitating Pt-(acac)2 in tube 2 thereby clogging the 
flow path.  
The pressure is not only created by the size of the conduit but also by the input of heat into 
the flowing solution. The solution passes through the induction heating zone for only ~76 ms and 
even though the surface temperature of the tube is set to 190oC there is only enough heat 
transferred to raise the temperature of the solution to ~50oC. Simply raising the control 
temperature has met with limited success due to either the introduction of instabilities in the flow 
(pulsations) or premature failure of the o-rings sealing the nozzle. One practical way to increase 
the amount of heat transferred to the solution would be to increase the length of tube 1 and the 
induction coil. However an increase of temperature from ~21°C to 50°C is sufficient to decrease 
the temperature dependent surface tension and viscosity by 15-20% for both acetone and xylene. 
Propane on the other hand experiences a decrease of 36% in viscosity and 60% in surface tension 
over these temperatures.  
After passing through the heated zone, the solution then enters tube 2 and experiences a 
rapid acceleration (velocity increases from 1.3 to 8.2 m/s). Since this area is outside the induction 
zone (i.e., active heating) and there is a large volume of O2 passing over the outside of tube 2 
(see Figure 4.1, blue arrow labeled tube 2) a slight temperature drop can be expected. The 
amount of heat loss results from two counteracting phenomena. The first is the short residence 
time in this section (~2 ms) limiting heat transfer. However the surface to volume ratio of the 
tube to solution increases from 157 in tube 1 to 394 in tube 2.  
After exiting from the tip of tube 2 into the open atmosphere there will also be an 
associated temperature drop due to expansion of the forming gases. The overall temperature 
trend of the solution as a function of location in the nozzle is illustrated in Figure 1.4 (graph 
 below the nozzle). It should also be noted that the temperature of the exiting solution can be 
affected by radiation, due to combustion occurring near the tip, and also by
shown in Figure 4.10C. The flamelets generated by the six pilot burners are angled at 45
face normal of the nozzle. Therefore, if the needle is placed too far forward or the pilot gas 
volumes are set too high then adverse heati
up of this region. 
Figure 4.10: RSDT combustion nozzle a) face with pilots, tube 2 and oxygen annulus 
highlighted. b) Side view of nozzle showing the transition of tube 1 to tube 2 into the annulus 
flooded with oxygen and then the six pilot burners angled 45
C) Location of tube 2 and point of ignition (view of pilots is obscured by the nozzle holder). 
A slight orange glow can be seen on the tip of tube 2 (
substantial heat is being absorbed. A nozzle design (or set of stable operating conditions) which 
lifted the ignition point off of the end of tube 2 would extend the service life of each injector, 
reduce clogging, reduce fouling, and pre
suggests that careful consideration of the location of tube 2 in the atomizing burner, flow rate of 
100
 the pilot flames as 
ng of tube 2 can occur. Figure 4.10C
° to the nozzle face (dashed box). 
Figure 4.10C) indicating that 
vent contamination from the steel. This observation 
° to the 
 shows a close-
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pilot gases, angle of pilot gas injection and tip oxygen flow rate can be used to optimize the 
injection conditions and limit heat transfer from the flames to the injector port. Additionally, 
incorporation of a swirl-type or low-swirl atomizing combustor may limit fatigue of tube 2, 
eliminate clogging events, and create a more uniformly mixed flame zone [280,281].  
4.3.3 Atomization 
As noted previously, the break-up of the droplets is aided by gas evolution caused by the 
nucleation and growth of propane bubbles in tube 2 (see area labeled droplets in Figure 1.4). The 
rate of nucleation density is driven by the degree of superheating and the rapid drop in pressure 
near the outlet of the nozzle. The compressed gas-phase escapes the mixture, expanding rapidly 
and shattering the liquid fuel into ligaments and droplets (which can undergo further 
disintegration to produce smaller droplet sizes). The estimated velocity of the liquid exiting tube 
2 is ~8.2 m/s based on a volume flow rate of 0.004 L/min in a 1.02 x10-3 cm inner diameter tube. 
The oxidant velocity is 19.9 m/s creating a velocity differential of 11.7 m/s. This extra oxidant 
flow (3400:1 by volume) further breaks-up the droplets and reduces the spray angle. The ignition 
point of the fuel, after the exit from tube 2, is shown in Figure 4.10C.  
The results of the droplet size measurements were interesting in three distinct ways. First, is 
the relative invariance of droplet size to nozzle temperature. This is further corroborated by the 
fact that a calculation of the additional heat added by raising or lowering the temperature by 
100°C only results in an additional 16 watts transferred. Second, was the relatively large size of 
the droplets (~14-17 µm) considering the addition of propane and the tube 2 inner diameter of 
0.1 mm. Pratsinis et al., at ETH, have reported a Dv,50 droplet size of ethanol as between 5-25 µm 
[73,83] as a function of oxidant flow rate. Pratsinis et al. do not use heating or propane to aid in 
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atomization and instead use an off the shelf external-mixing gas assisted stainless-steel nozzle 
(Schlick-Düsen, Gustav Schlick GmbH, 970/4-S32). The fuel capillary tube has a 0.5 mm inner 
diameter and the tube creates an annular gap that can be adjusted (area up to 0.48 mm2) to keep a 
constant oxygen pressure drop (1 bar) across the nozzle. The FSP process uses a tube diameter at 
the exit orifice that is ~4.9X greater than tube 2 yet still maintains an acceptable atomization 
level. The area created by the annular gap in the FSP process is ~14X smaller. A comparison of 
typical O2 flow rates between the FSP (3 L/min) and the RSDT (13.6 L/min) processes result in a 
4.5X higher O2 flow rate for RSDT. Additionally, the angle created by the oxidant orifice exit, 
which is normal to the nozzle face, and the conduit supplying the oxidant plays a critical role in 
creating an effective dispersive force on the injected fuel. In the RSDT process this angle is 90° 
(i.e., a straight pipe) whereas in the FSP process the angle is closer to 45°. However, in FSP the 
oxidant flow and atomization are coupled. A decoupling of the atomization flow requirements 
from the oxidant stoichiometric requirements results in a more flexible system capable of further 
optimization. Oxygen can be a considerable process cost and therefore the ability of a nozzle to 
generate sufficient atomization without unnecessary oxidant flow is crucial. 
Third, the droplet sizes were sampled at 5 cm from the atomizing-burner face where the 
interaction of the spray with the laser could be easily observed. However Figure 4.10C indicates 
almost no region between the exit of tube 2 and the start of the flame luminescence, suggesting 
that a sampling location closer to the ignition point would be more appropriate. The Cv value 
(Table 4.4), an indicator of the droplet density, suggests that increasing the control temperature 
from 150 to 250°C results in a decrease in droplet concentration of ~18% while the droplet 
diameter is only marginally affected. A value of 2-3 ppm for the Cv indicates a very low 
concentration of scattering droplets (e.g., 2 ppm is equal to 2 cm3 of droplets per m3 of air). 
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Therefore the spray is rather sparse and the majority of the volume has already evaporated. Only 
the larger generated droplets remain to be counted.  
4.3.4 Combustion 
The 3D temperature and velocity field that the precursor metal experiences defines the 
characteristics of the final nanoparticles. The combustion stage must therefore ideally provide a 
uniform temperature profile with an average velocity field that adequately decomposes the metal 
precursor and allows ample time after metal vapor formation for the nanoparticle to grow to the 
desired size and/or crystallinity (see Figure 1.4).  
The term ‘flame temperature’ is a misnomer since there is no single temperature in the 
flame field. In reality a distribution of temperatures exist that vary radially and axially depending 
on the equivalence ratio, type of fuel, type of oxidant, and transport phenomena resulting from 
mixing of the droplets with the oxidant. The heat released by combustion is carried downstream 
whereby the gas flow transfers heat to the substrate. The temperature measured at the 
thermocouple tip shown in Figure 4.3A approximates the gas temperature (Tgas), under various 
process conditions, at a fixed distance of 17.7 cm. At a fixed O2 flow rate, increasing the fuel 
flow increases Tgas since the flame is longer (Figure 4.3B). At a fixed fuel flow rate of 3 or 4 
mL/min, increasing the oxidant flow rate from 2 to 4 L/min increases Tg by almost 100°C. 
Further increases in the oxidant flow rate decrease Tg. The temperature at the fixed point Tg is a 
function of the flame length (i.e., proximity to the reactive zone) and the efficiency of the 
combustion. If there is too much oxidant then the excess acts to increase the flame velocity (i.e., 
lower particle residence time) and laden the combustion zone with more gas. This excess gas 
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absorbs the generated heat thus lowering the flame temperature. In order to estimate if the flame 
is burning optimally the effect of flame length must be isolated from the total heat generated.  
Figure 4.4 illustrates two important observations about the RSDT flame. First, the peak in 
the flame length in figure 4.4C (4 mL/min fuel flow) at an O2 flow of 3.71 L/min also coincides 
with a thinner flame profile, Figure 4.4A. Increasing the O2 flow rate to 5.08 mL/min leads to an 
increase in the width again. Note that at 3.71 L/min (φ = 1.81) the O2 flow rate is nearly half of 
the stoichiometric required flow of 6.89 L/min (φ = 1). Interestingly, fuel flow rates of 5 and 6 
mL/min do not exhibit this peak in flame length or narrowing of the width (Figure 4.4D). 
However, there is a clear change in the flame color with a concurrent increase in blue radiance, 
in the area after the point of ignition, when crossing the stoichiometric boundary (indicated by 
the vertical broken line in figure 4.4A-B).  
The exit velocities (calculated using equation 4.1) for fuel and O2 scale linearly with 
increasing O2 flow rate while the residence time decreases as the 1/do shown in Figure 4.11A. 
The residence time can be considered a lower limit since the velocity will dampen with 
increasing distance from the nozzle as shown in Figure 4.9A. The experimentally measured exit 
velocity (Figure 4.9A) and the calculated exit velocity, Figure 4.11, deviate above ~3.71 L/min 
and this could due to errors in the extrapolation. The pressure drop created by the fuel flowing in 
the atomizer was experimentally measured in Figure 4.11B.  
 Figure 4.11: Exit velocities and estimated residence times for A) the oxidant and B) the fuel.
The flame temperature can also be estimated by examining the radiant intensity between 
two closely spaced wavelengths. The radiant intensity is sensitive to temperature and 
wavelength. The temperature varies according to the gas composition, the fuel/oxyge
ratio, the gas purity, the burner type, the gas flow (laminar or turbulent), the 
presence/concentration of the precursor metal, and the height of observation in the flame. 
Observation of the Pt atomic bands using the CCD detector in this study is
most intense lines occur at 203.24 and 204.93 nm and lie just outside lower wavelength 
sensitivity of the CCD detector.  
At a fixed sampling distance of 
(between yellow and orange) in 
increases the radiant intensity which then begins to decrease. The intensity difference, due to the 
O2 flow rate, is most pronounced at ~600 nm. There are also two small shoulder peaks in the 
infrared regions at ~ 805 and 883 nm. The peaking in radiant intensity occurs at an O
3.7 L/min which coincides with the same flow rate observed for a peaking in T
and D.  
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 not possible. The 
5 cm the radiant intensity peaks at approximately 600 nm 
Figure 4.6A. Changing the O2 flow from 3.0 and 3.7 L/min 
 
 
n mixture 
2 flow of 
gas, Figure 4.4C 
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While an overall stoichiometric value for burning 4 mL/min of the fuel is 6.89 L/min O2 the 
conditions locally could be fuel lean or rich. This is due to the fact that the droplets are injected 
into the central axis of the flame and their number density decreases radially and axially along 
the path of the reaction zone. The O2 gas expands radially outward from the nozzle exit by 
convection and diffusion while the spray droplets have a more ballistic component to their 
velocity. Additionally, without a shroud to confine the combustion plume there is entrainment of 
the surrounding gases from the atmosphere [282,283]. Figure 4.12A shows a set of conditions 
(fuel lean) whereby the fuel jet extends several centimeters into the flame. The exposure time is 
1 s to reveal the time averaged length of the flame. In contrast Figure 4.12B shows a 40 ms 
exposure and this image reveals the growth of turbulent eddies in the flame at very low O2 flow 
rates. The flow transitions from laminar to turbulent and this turbulence propagates outward from 
the point of ignition [97].  
 
 Figure 4.12: Examples of local fuel and oxidant inhomogeneity in the combustion zone such as 
a) the central unburned fuel jet and b) the development of turbulent eddies growing outward 
from the point of combustion.  
If the mixture is fuel rich then more particula
increases the radiance making visibility of the central fuel core more difficult at lower O
rates. Therefore correlating temperature with the absolute radiance should be done with caution 
to avoid conflating soot emission with temperature. It is also important to note that flame 
intensity changes with distance down the combustion flame as more and more particles (
and Pt) are generated, see Figure 
chemiluminescent emissions from excited states of CH, OH, and C
point of ignition and follow the 8
4.13.  
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te matter from the soot is generated and this 
4.13. Observe the initial bluish color, attribute
2 species [28
-bit grey scale pixel intensity to detector saturation in 
 
2 flow 
i.e., soot 
d to the 
4] just after the 
Figure 
 Figure 4.13: Increase in radiance show by the
the point of ignition to detector saturation.
The plots in Figure 4.6B show the evolution of the integrated intensity at various axial 
locations along the flame from 4.42 cm to 12.05 cm at a constant fuel 
varying O2 flow rates from ~1 to 11 L/min. The chart shows that there is very little radiant 
intensity at distances of 12 cm consistent with the flame lengths in 
moved axially closer toward the 
increases from 12.05 cm to 8.24 cm and then drops at 6.97 cm after a ~2 L/min O
decrease in intensity can be explained by a drop in soot formation as the reaction is a) moved 
closer to the ignition point, and b) as more O
conversion to CO2. At the sampling location closest to the ignition point, the intensity is highest 
at ~ 2 L/min indicating that soot emission occurs sooner in the reaction 
increasing O2 flow rate.  
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 pixel intensity in an 8-bit image extending from 
  
flow rate of 4 mL/min and 
Figure 4.4A. As the probe is 
atomizing-burner the overall intensity (at all wavelengths) 
2 is supplied to complete the hydrocarbon 
but drops rapidly with 
2 flow rate. The 
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Figure 4.6C shows that the radiant intensity drops rapidly over very short radial distances 
and decreases with increasing O2 flow rate. The steep gradient in radiant intensity results from 
reduced soot formation at the flame edges due to adequate O2 entrainment from the ambient air. 
The temperature profiles estimated from wavelengths at 490 and 500 nm in Figure 4.7A 
reveal the evolution of the centerline temperature with increasing distance from the atomizing-
burner. The graph shows that the temperature increases with increasing O2 flow rate up to 5.08 
L/min where there is marginal difference between the estimated temperatures when increasing to 
6.46 L/min. The maximum temperature is ~1550 °C which is lower than the adiabatic flame 
temperature of ~2500-3000 °C in O2 and 2260-2800 °C in air. However, because most of the 
conditions within an open environment do not allow for such a high temperature without proper 
insulation, the adiabatic flame temperature is never reached. Temperature profiles all exhibit a 
downward slope with increasing axial distance. However, the O2 flow rate of 3.71 L/min 
plateaus between 8.0 and 9.5 cm. This condition also leads to the longest flame as shown in 
Figure 4.7A suggesting an elongated heating zone. Further experiments to explore the area closer 
to the ignition point are necessary with different detector integration times and collection angles 
to understand the evolution of the profile along the entire axial length. Detector saturation 
prevented closer examination. Figure 4.7B shows the increase in flame temperature with 
increasing O2 flow rate along constant axial sampling points. As expected the temperature 
plateaus near the stoichiometric flow rate of ~ 6 L/min. In agreement with Figure 4.7A the 
temperature also increases closer to the ignition point.  
In Figure 4.8A some interesting features of the flame are revealed. First, the peak 
temperature is similar for O2 flow rates of 3.71, 5.08, and 6.46 L/min at around 1620-1650 °C 
with the distinction that the location of the peak moves to lower distances with increasing O2 
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flow rate due to a faster burning rate. This is important as it implies that better mixing of fuel and 
O2 leads to an increased burn rate that moves the peak temperature (hence complete droplet 
evaporation) to a location earlier in the reaction zone. This has implications on nanoparticle 
formation and uniformity the results of which are presented in a paper currently under review. 
The temperature profile for 3.71 L/min is highest along the entire axial length congruent with the 
observation that this is the longest flame (Figure 4.4A). Second, above 6.46 L/min the peak 
temperature drops indicating cooling from the excess O2.  
Figure 4.8B is a plot of the temperature profile along constant axial sampling locations as a 
function of O2 flow rate. Again the temperature increases moving closer to the reaction zone 
(lower distance). In all plots up to 6.97 cm the temperature increases to a peak near ~3.7 L/min 
and then drops with O2 flow rate, however at 6.97 and 4.4 cm the temperature reaches a plateau 
indicating that the influences of flame length have been attenuated. At these axial locations 
between an O2 flow rate of 3.7 and ~6 L/min the temperature is approximately constant up to the 
stoichiometric point. This trend occurs once the probe is sampling the most intense reaction 
zone. Figure 4.8C again shows the very steep radial temperature gradients observed at the edge 
of the flame. At 3.71 L/min the gradient is the most uniform across the centerline but above 0.5 
cm drops the fastest. Lower O2 flow rates result in a reduced overall flame temperature but a 
broader and more uniform temperature across the centerline. Above 5 L/min the gradient gets 
steeper with increasing O2 flow rate indicating the strong mixing that confines the reaction 
toward the centerline. The mixing eliminates the need for O2 diffusion into the flame (for 
complete combustion) and thus the reaction zone does not spread outward as a function of the O2 
gradient.  
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4.4 Conclusions 
The RSDT process represents a material processing technique that can be broken into several 
stages to facilitate careful study of fluid dynamics, heat transfer, mass transfer, and combustion. 
The results of this study indicate that chemistry of the fuel, proper mixing, and process 
conditions must be all tied up in order to have a fully developed and stable flame. The oxidant 
flow rate is extremely important in determining the rate of combustion, location of 
decomposition, length of the flame zone, mixing characteristics, velocity and atomization. A 
faster reaction, due to increased mixing of the oxidant, at higher oxidant flow rates creates a less 
luminous and shorter flame. This effectively creates a more dense reaction zone. Future studies 
will link processing parameters to particle microstructure. Based on the results of this study, at a 
fuel flow rate of 4 mL/min for Pt-(acac)2, a O2 flow rate of 5-7 L/min gives the best mixing. In 
addition, the highest temperature is achieved closer to the atomizing-burner when the O2 flow 
rate is set between 5-7 L/min. This creates the conditions for a uniform nanoparticle formation 
pathway.  
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CHAPTER 5:  
A Study on the Effects of the Equivalence 
Ratio on Pt Nanoparticle Formation  
in a Jet-Diffusion Flame 
The purpose of this work was to study the effect of forced oxidant, solvent composition, and 
quench rate on nanoparticle formation. A systematic study of process parameters for Pt was 
undertaken. Reactive Spray Deposition Technology (RSDT) was used as the synthesis platform. 
In order to obtain a tight control of the Pt size it was found that the fuel must contain a sufficient 
enthalpy of combustion and appropriate propane content. The fuel must be mixed adequately to 
form a turbulent diffusion flame and must create conditions where unwanted Pt coarsening 
cannot occur. From this study the conditions that favor this morphology require an O2 flow rate 
setting of 6.89 L/min or higher, a propane content of 20 wt. %, and no quenching. Parts of this 
work were presented in session AA.5 Electrocatalysis II at the MRS Fall 2013 Meeting in 
Boston. This work has been submitted for review to the Journal of Nanoparticle Research 
(Springer).  
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5.1 Experimental 
The RSDT process utilizes a custom-made deposition system that consists of the following sub-
systems: Isco 500D syringe pump and precursor reservoir (Teledyne Isco, Lincoln NE); 
EasyHeat 0112 (Ameritherm, Scottsville, NY) induction heating power supply with custom 
helical coil; circular Air wipeTM (Exair, Cincinnati, OH); and a linear 3-axis servo-driven motion 
system to sweep the substrate across the deposition zone (Techno Isel, New Hyde Park, NY); 
and a custom atomizing burner consisting of three stages: heating, atomizing/mixing, and 
combustion, as described in references [82,90]. 
The solution (i.e., the fuel) consisted of 54 vol. % xylene, 20 vol. % acetone, and 26 vol. % 
propane with platinum acetylacetonate (Colonial Metals, Elkton, MD) dissolved to 10 mM. The 
O2 was (99.999% Airgas, Cheshire CT) metered using a rotameter from 2.32 L/min to 9.3 L/min. 
Flow rates outside of this range created unsteady flames. The nozzle temperature was set to 
190°C and the sampling distance for temperature measurements and the TEM grids was 17.7 cm. 
The fuel flow rate was set at 4 mL/min. These flow settings and stand-off distances were chosen 
to represent typical conditions used in Pt film formation [82]. The propane content was varied 
between 10 and 30 wt.% and a quench system was tested using a flow rate of 14 L/min at a 
distance of 9 cm from the exit orifice. Flame images were obtained using Canon EOS 60D 
DSLR 18 megapixel camera set to an f-number of 36 and a shutter speed of 1s except as noted.  
Measurements of the gas velocity were made using a thin wire anemometer attached to the 
3-axis servo motion system. Ultrathin carbon/holey support on 400 mesh Cu TEM grids (prod. 
01824 Ted Pella) were exposed axially to the combustion plume for a total of 3 mins at a 
 distance of 17.7 cm from the nozzle face. The grids were then examined in a Tecnai T
transmission electron microscope in brightfield and diffraction modes at 120 kV. 
5.2 Results 
The exit velocity of O2 and the fuel can be estimated by the volumetric flow rate (4 mL/min) and 
the known exit orifice dimensions using the following equation:
The diameter of the exit orifice for the fuel is, d
0.3 cm, The residence time is estimated based on a fixed distance of 17.7 cm from the nozzle 
face to the substrate. Since the velocity will decrease with increased distance from the exit 
orifice, these values represent an upper bound. However, they ar
the exit.  
Figure 5.1: Exit velocity of A) O2 from the 0.3 cm diameter tube as measured with an 
anemometer and as calculated. The residence time based on the calculated exit velocity is also 
plotted. B) The exit velocity, residence time and pressure from a fuel solution of 54 vol. % 
xylene, 20 vol. % acetone, and 26 vol. % propane at various flow rates through an exit orifice of 
0.01cm.  
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 115
The velocity of the O2 gas as a function of axial distance from the exit orifice was measured 
using a hot-wire anemometer. This measurement had to be performed without combustion due to 
the temperature limitation (< 50 °C) of the anemometer. The velocity decays as ~ 1/axial 
distance. By integrating the velocity as function of axial distance the residence time was 
estimated as ~52 ms at 2.32 L/min of O2. At 3.71 L/min the residence time decays to ~11 ms. 
The precursor and solvent react with O2 during combustion to form Pt, CO2 and H2O according 
to the following equations: 
Platinum(II) acetylacetonate: C10H16O4Pt + 12O2 = Pt + 10CO2 + 8H2O 
Xylene: C8H10 + 10.5O2 = 8CO2 + 5H2O 
Acetone: C3H6O + 4O2 = 3CO2 + 3H2O 
Propane: C3H8 + 5O2 = 3CO2 + 4H2O 
For every mole of fuel consumed (~75.4 g) a total of ~7.2 moles (~230 g) of O2 is reacted 
to form 4.2 moles (~ 75 g) of water vapor and 5.2 moles (~ 230 g) of CO2. Assuming that the 
fuel reacts from the gas phase (after evaporation), the increase in the moles of gas after 
combustion is ~1.2. In this study an oxy-propane-xylene-acetone flame was examined using O2 
flow rates from 2.32 L/min to 9.3 L/min with a fuel flow rate of 4 mL/min. The equivalence ratio 
is the relationship between the stoichiometric oxidant and fuel molar flow rates divided by the 
actual process ratio; the relationship is expressed in equation 5.2. 
Φ   +L qdfr/L s!tNc-5c+L qdfr/L s!tNc-	ftr           '5.2) 
Figure 5.2A shows the length of the flames, the gas temperatures measured at 17.4 cm from 
the nozzle face, and the experimentally determined residence times as a function of the O2 flow 
 rate. Figure 5.2B is a plot of equivalence ratio as a function of the O
composed of 54 vol. % xylene, 20 vol. % acetone, and 26 vol. % propane.
Figure 5.2: A) Flame height and shape at O
flow rate of 4 mL/min. Estimated residence times, length of flame and temperature at 17.7 cm 
are listed above the flame for each O
flow rate for a fuel composed of 54 vol. % xylene, 20 vol. % acetone, and 26 vol. % propane at 4 
mL/min.  
A clear trend in flame length is observed whereby a peak of 12.7 cm in observed at 3.71 
L/min followed by a decreasing length that finally re
that the width of the flame at 3.71 L/min is thinner than its neighbors. Increasing the O
above 9.30 L/min caused liftoff and then blowoff of the flame. The gas temperature at 17.7 cm 
tracks the length of the flame and peaks at ~640°C and levels
residence time, estimated from the jet
3.71 L/min whereby it goes from 52 ms to 12 ms in this narrow O
Micrographs of the resulting Pt particles, collected on the grids for 3 mins, synthesized at 
O2 flow rates between 2.32 and 9.3 L/min are shown in 
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2 flow rate for a fuel 
  
2 flow rates of 2.32 to 9.3 L/min using a fixed fuel 
2 flow setting. B) The equivalence ratio as a functi
aches 6.9 cm at 9.30 L/min. Also noted is 
-off ~330°C above 6.46 L/min. The 
-velocity at the exit, drops rapidly between 2.32 L/min and 
2 flow rate.  
Figure 5.3 A–E.  
 
on of O2 
2 flow rate 
 Figure 5.3: TEM micrographs of Pt nanoparticles formed with a constant fuel flow rate of 4 
mL/min and O2 flow rates of A) 2.32 L/min, B) 3.70 L/min, C) 5.80 L/min, D) 6.89 L/min, and E) 
9.30 L/min. 
The differences in the Pt size and distribution as a function of O
Figure 5.3 suggesting a strong correlation between this proc
nanoparticles. A flow rate of 2.32 L/min (
exhibiting some necking between the particles. There are some isolated particles less than 5 nm 
but these are rare. Faceting appears more pronounced in the larger particles. Increasing the flow 
rate to 3.70 L/min (Figure 5.3B) decreases the overall size of the particles however a bimodal 
distribution is clearly emerging. The larger particles are ~5
smaller particles <3 nm seems to dominate.
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2 flow rate are evident in 
ess parameter and the resulting 
Figure 5.3A) is characterized by large 10
-10 nm while the number
 Some necking between the 5-10 nm particles is 
 
-20 nm grains 
-count of the 
 118
observed but this is minimal and could be an artifact of the projection. An inherent irregularity in 
the 5-10 nm particles is observed as well as some fractal-like growth islands. At 5.80 L/min the 
particle size distribution is still bimodal but the larger particles >10 nm are increasing in count. 
Irregularity in the particle shapes along with some faceting is noticeable. Necking between the 
larger particles also appears to be emerging compared to 3.70 L/min.  
A clear change in the nanoparticle distribution occurs at the stoichiometric ratio of 6.89 
L/min (Figure 5.3D). Particles <5 nm are very rare and most particles are >10 nm. Sintering has 
occurred between many of the particles which also exhibit pronounced faceting. The distance 
between particles is also noticeably larger owing to the absence of the smaller Pt particles. At 
9.30 L/min the particles share similar characteristics to the particles created at 6.89 L/min of O2 
with the exception that the spacing between particles is noticeably less and necking between the 
particles has increased.  
To expand the field of view images were also taken at a lower magnification in order to 
confirm that the effects in Figure 5.3 were not localized, see Figure 5.4.  
 Figure 5.4: Lower magnification TEM micrographs of Pt nanoparticles formed with a constant 
fuel flow rate of 4 mL/min and O2
6.89 L/min, and E) 9.30 L/min to highlight a broader field of view.
Figure 5.4 provides a larger field of view to highlight that the trends observed in Figure 
are representative of the deposition product trends and not local anomalies. Especially evident 
are the large and dark particles at 2.32 L/min (
distribution at 3.70 and 5.80 L/min, the disappearance of smaller particles at the stoichiometric 
point 6.89 L/min, the degree of sintering between 6.89 and 9.30 L/min, and finally the dis
between particles.  
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 flow rates of A) 2.32 L/min, B) 3.70 L/min, C) 5.80 L/min, D) 
 
Figure 5.4A), the emergence of a bimodal 
 
5.3 
tance 
 A diffraction pattern (DP) was collected from each of the micrograph areas displayed in 
Figure 5.4 to examine the crystallinity in the collected nanoparticles. The results are displayed in 
Figure 5.5.  
Figure 5.5: Lower magnification diffraction patterns of Pt nanoparticles formed with a constant 
fuel flow rate of 4 mL/min and O2
6.89 L/min, and E) 9.30 L/min to highlight a broader field of view. The DPs
images in Figure 5 A–E respectively. 
The DP in each sample indicates that the particles are polycrystalline and are in the face
centered Pt cubic crystal structure. The 111, 200, and 220 families of planes are clear however, 
the 311 and 222 planes are harder to resolve. 
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In catalytic applications a quench is often placed downstream of the flame to limit particle 
growth. In order to better understand the relationship between the quench gas and the 
morphology of the Pt nanoparticles a circular quench was placed at 9 cm from the nozzle face 
and air was passed through the system at 14 L/min. The quench setting of 14 L/min is considered 
a low quench rate. The O2 flow rate was set to either 2.32 L/min or 9.30 L/min and each 
condition was tested with and without the quench flowing. The O2 flow rates were chosen since 
they were shown in Figures 5.3 and 5.4 to only produce a mono-modal distribution. The results 
are shown in Figure 5.6.  
 Figure 5.6: TEM micrographs of Pt nanoparticles collected with an O
D, E) 9.3 L/min with C,D) and without A,B) a flow of quench air at 14 L/min. 
Figure 5.6 shows that in conditions of no quench (
particles are larger >10 nm where both low (2.32 L/min) and high (9.30 L/min) O
produce very few particles <5 nm. Again faceting is pronounced at 2.32 L/min. The ov
is slightly smaller in 5.6B but sintering between these particles is more evident. Engaging the 
quench at 14 L/min (Figure 5.6 C and D) creates several effects. First, a bimodal distribution of 
particles emerges. Second, the small particles <5 n
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2 flow rate of A,C) 2.32 or 
 
Figure 5.6 A and B) the majority of 
m reappear and the overall size and count of 
 
2 flow rates 
erall size 
 the larger particles is reduced. The low flow rate at 2.32 L/min still provides conditions for larger 
particles, compared to 9.30 L/min. Sintering is more pronounced at 9.30 L/min.
The final process condition t
change the propane content of the solution from 10
rate and Pt-(acac)2 concentration. The results are displayed in Figure 
Figure 5.7: TEM micrographs of Pt nanoparticles collected with an O
A,D) 10 wt.% B,E) 20 wt.% or C,F) 30 wt.% propane without any air quench. 
The differences between the propane contents are most pronounced at 20 wt.% where the 
distance between particles is much larger, faceting is present, and sintering occurs. The 30 wt. % 
and 20 wt.% propane samples are surprisingly similar since each shows c
into agglomerates and the particle spacing is similar. The 10 wt.% sample appears to show a 
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ested was to use a constant O2 flow rate of
-30 wt.% while keeping constant the fuel flow 
5.7.  
2 flow rate 
 
lustering of particles 
 6.86 L/min and 
 
6.89 L/min using 
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much more uniform and overall smaller particle size with less faceting compared to the 30 wt.% 
propane samples.  
5.3 Discussion 
When mixing of the fuel and oxidant is slow, compared with the reaction rate, then mixing 
controls the burning rate. This type of burning produces a diffusion flame and its characteristics 
are defined by how the oxidant and fuel are brought together. Molecular and turbulent diffusion 
control the mixing and each occurs at different rates. Diffusion flames are characterized by the 
burning (consumption) rate which in turn is determined by the fluid dynamics of how and where 
in the process reactants are mixed in the proper ratio for reaction. The burning rate is capped on 
one extreme by the chemical reaction rate and at the other end by mixing. Between these two 
extremes the rate is controlled by both phenomena.  
The lengths of the flames and variation in flame character in Figure 5.2 follow the 
characteristics of a flame controlled by jet velocity. The jet velocity is modified by increasing the 
O2 flow rate or changing the fuel flow rate [124]. The height of the flame increases at first in the 
laminar region. After the flame conditions cross into the transition region then an axial break-
point forms. This break-point denotes a laminar to turbulent transition that forms toward the end 
of the flame. This break-point moves further back in the flame, toward the jet-orifice, with 
increasing jet-velocity until reaching a steady position denoting a more constant flame length 
envelope. Once the break point has stabilized the flame is then in the fully-developed turbulent 
region [97]. This condition will hold until the jet-velocity surpasses the burning rate at which 
point the flame will begin to extinguish. The jet velocity is a function of the thermo-physical 
 125
properties of the fuel, propane content, fuel flow rate, fuel exit orifice size, O2 flow rate, and the 
O2 exit orifice size.  
The mixing of the fuel and O2 is coupled to the velocity of the flame. Increasing the O2 
flow rate naturally increases the exit velocity which varies between 3.4-13.6 m/s. In this study 
the fuel flow rate was fixed at 4 mL/min generating a fuel exit velocity of ~8 m/s. The exit 
velocity of the gas surpasses the fuel velocity when the O2 flow rate is set above ~5 L/min. The 
mass flow rate of fuel is approximately 3 g/min while the mass flow rate of the O2 varies 
between 3 to 12 g/min.  
The fuel-jet exits the orifice as a range of droplet sizes which begin to evaporate at a rate 
determined by the radiant heat from the flame, droplet surface area, the velocity differential 
between the jet and the surrounding gas, and the droplet temperature. Droplets at the edge of the 
fuel jet are exposed to a higher partial pressure of O2, from the entrainment of ambient air, 
compared to those traversing along the axial line. Modeling the combustion process as the 
symmetrical burning of an isolated droplet is useful in describing the complex coupling of 
chemical reactions and two-phase flow with phase change that occurs during droplet burning 
[122,123]. According to this simplified model the gas-phase chemical reaction is infinitely fast 
with respect to gas-phase transport, and the chemical reaction is confined to an infinitesimally 
thin sheet. In this model, fuel vaporizes at the droplet surface counter to the flow of oxidant from 
the ambient environment. The fuel and oxidizer react when the stoichiometric ratio is reached in 
a zone of intense reaction. Heat is transported via conduction and radiation outward from the 
flame and inward back to the droplet surface. The heat at the droplet surface is balanced by the 
evaporation process at the vapor/liquid interface. Smaller droplets evaporate faster than the 
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larger ones so as the axial length of the flame is traversed an increase in average droplet size is 
observed further from the exit orifice.  
 5.3.1 Pt-(acac)2 Concentration Evolution and Resulting Precipitate 
As the droplets begin to evaporate the Pt-(acac)2 precursor is increasingly concentrated in the 
remaining solvent. Jossen et al. [106] found that hollow metal-oxide particles are formed if a 
concentration gradient develops during solvent evaporation or if the precursor decomposes 
within this layer. For high boiling-point solvents compared to the decomposition/melting-point 
of the precursor (Tbp/Td/mp>1), no shells were formed and solid nuclei were assumed to form 
uniformly throughout the droplet forming extremely fine particles. For many systems particle 
formation takes place in the gas phase as the precursor fully evaporates and forms product 
particles by chemical reaction, coagulation, and sintering [73]. If particle formation takes place at 
or within the droplet, mass transfer to the gas phase would be the rate-limiting step, and spherical 
or broken shells may be formed. 
The Pt-(acac)2 concentration increases by the inverse cube of the initial droplet diameter as 
shown in Figure 5.8A for diameters in the range of 2-20 µm. This figure shows the resulting 
family of concentration profiles that emerge from droplet diameters 2, 5, 10, 15, and 20 µm 
during evaporation. Since a distribution of droplets form at the exit orifice, a family of droplets 
containing different concentrations exists. The dashed horizontal line denotes the experimentally 
determined solubility limit of Pt-(acac)2 (~20 mM). A plot of the Pt-(acac)2 precipitate diameter 
(assuming a spherical shape) once the solvent is consumed is depicted in Figure 5.8B. A Pt-
(acac)2 density of 2.31 kg/L was assumed. Figure 5.8C is a schematic of the evaporative process 
that occurs for an ensemble of starting droplet sizes followed by evaporation to dryness and 
 finally decomposition of the hydrocarbon portion to CO
Pt2+ to Pt. 
Figure 5.8: A) Concentration profile, due to evaporation, of a 10 mM Pt
function of starting droplet size and B) estimated diameter of Pt
of initial droplet size. C) Schematic of droplet evaporation, Pt
decomposition. 
Based on a droplet diameter distribution of ~4
precipitate are estimated to be ~0.6
the precursor size prior to further decomposition and vaporization 
conversion of the Pt-(acac)2 to Pt results in a volume decrease of ~10 based on the density 
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differences in the bulk. This would lead to an estimated Pt particle diameter of 0.27-1.5 µm. 
These sizes are much larger than any particles observed in Figures 5.3, 5.4, 5.6 and 5.7. This 
indicates that additional droplet break-up or disintegration of Pt-(acac)2 occurs. In consideration 
of the process conditions (2.32 L/min, Figure 5.3A) that give ~20 nm Pt particles (the largest 
observed in this study) these estimates are still many times larger. A more systematic study of 
the droplet size and distribution is presented in a work currently under review. The droplet size 
distribution was measured 5 cm from the exit orifice and, considering evaporation, the actual 
median droplet size at the exit would be shifted to smaller values. It should also be noted that the 
distribution was measured, out of necessity, without a flame burning and that under the actual 
combustion conditions the evolution of the droplet size distribution could be markedly different. 
Further experiments will probe the effect of O2 flow on the droplet distribution.  
 5.3.2 Pt Particle Size Evolution 
The flame can be considered as a jet of fuel droplets concentrated axially along the flame (i.e., 
there is a large radial concentration gradient in fuel). The O2 gradient is also steep since 
entrainment and diffusion transport mechanisms at the periphery drive O2 to the unreacted fuel 
core. The fuel droplets are evaporating along the length of the flame. Since the mixing is poor, a 
jet of unreacted fuel droplets (denoted as A in Figure 5.9) extends deep into the luminous portion 
of the flame. Zone A represents the fuel rich droplet distribution undergoing various stages of 
evaporation and combustion. 
 Figure 5.9: Illustration of the effect of increasing O
the relative location of zones A) the unburned jet
where precipitation is complete, C) the decomposition and reaction of Pt
and D) the axial nucleation and growth zone of Pt nanoparticles. In D the residence time, 
heat absorbed, , will determine the nanoparticle morphology
Zone B denotes the precursor precipitation region at the end of the fuel
represents where precursor decomposition is complete and Pt vapors have formed. Note that the 
droplets at the edge of the spray cone are exposed to an O
radially symmetrical with strong O
occur along the edge of the fuel
stated the fuel-core edges are reacting along the entire length of the flame. At increasing axial 
distances the fuel-core gets thinner, due to the consumptio
fuel is completely consumed. After the precursor has reacted to form Pt vapor the mechanisms of 
nanoparticle growth begin to occur. The steps in particle formation include homogeneous 
reactions, nucleation, surface gr
agglomeration [8-10,71,285]. A flame with a longer and hotter Zone D will produce larger Pt 
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-core where the proper combustion ratio occurs sooner. Simply 
n of fuel in the combustion, until the 
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-jet 
to Pt vapor, 
t, and 
also 
 particle growth and physically-bonded agglomerates or sintered aggregates. In this region the 
residence time, t, and heat absorbed, 
coalescence or sintering, and crystallinity 
Increasing the O2 flow rate initially lengthens the flame due to higher O
velocities. Near an O2 flow rate
begins and the break-point starts to move toward the exit orifice. Figure 
of increasing the O2 flow rate on the length of zones A
exit-orifice the turbulent mixing zone occupies a larger portion of the flame length. Figure 
links the type of flame experimentally observed in Figure 
Figure 5.10: Illustration of the evolution of a 
rate in a co-injection geometry. Areas 
Figure 5.2A. Adapted from [97]. 
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 of 3.71 L/min the transition from a laminar to turbulent flame 
5.10 illustrates the effect 
-D. As the break-point moves closer
5.2A to the appropriate mixing regime.
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The trend in Pt particle size and morphology in Figures 5.3 and 5.4 can be considered in the 
context of reactant mixing and jet-velocity. On one extreme is the 2.32 L/min O2 flow rate which 
generated the largest Pt particle sizes. Under these conditions the flame was long (11.7 cm), the 
residence time was the largest (~52 ms), the fuel/O2 mixing is dominated by molecular versus 
continuum transport, and O2 entrainment from the ambient air is necessary to provide the 
stoichiometric burning ratio. The Pt particles are the largest observed under any of O2 flow 
settings. The size, faceting, and necking indicate that the residence was long and sufficient heat 
was absorbed (by the forming Pt particles). Since mixing occurs primarily by molecular diffusion 
of O2 the dominant effect producing the observed size and morphology is residence time. As the 
flow rate of O2 is increased to 3.71 L/min the residence time decreases to ~11 ms. A significant 
reduction in residence time coupled with limited turbulent mixing, at the flame end, limits the 
overall growth of the Pt. The appearance of a bimodal particle distribution can be explained by 
the two pathways the forming Pt nanoparticles can traverse. Along the edge of the fuel jet the Pt 
begins forming earlier in the flame, this results in a longer residence time for particle growth. In 
contrast, the Pt that forms axially from the end of the fuel jet experiences a reduced residence 
time. This results in smaller particles forming from the end of the fuel jet and larger particles 
forming along the edge.  
Increasing the O2 flow rate to 5.80 L/min reduces the residence time marginally to ~9 ms 
and is expected to move the break-point for turbulent mixing further back. The Pt particle 
morphology and size in Figures 5.3C and 5.4C is very similar to Figures 5.3B and 5.4B. 
However, the larger particles >10 nm are increasing in count and the irregularity in the particle 
shapes, faceting, and necking between the larger particles also appears to be emerging.  
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The most dramatic change in Pt size and morphology occurs at 6.89 L/min (Figures 5.3D 
and 5.4D) which also corresponds to an equivalence ratio of 1. Under these conditions turbulent 
mixing defines most of the flame field. Mixing from turbulence effectively eliminates the need 
for entrained air to complete the reaction (which leads to a longer flame) and minimizes the time-
temperature fields experienced between axial and edge formation pathways. Droplet evaporation, 
precursor release, and particle formation take place closer to the nozzle exit due to the increased 
local O2 content which rapidly decreases the droplet number density [73]. In this environment 
the particle formation occurs very early in the jet and hence is exposed to higher temperatures 
that increase sintering. 
At 9.3 L/min the spacing between particles is noticeably less and necking between the 
particles has increased. The emergence of the sinter-necking indicates that this condition 
produces a pathway with more time at an appropriate temperature for Pt growth and sintering 
between the primary particles. This can be explained by the bottom flame in Figure 5.9 where the 
fuel core is dissipated close to the exit orifice and the turbulent mixing is stronger. Divergent 
effects are imposed on the formation of the Pt with increasing the O2 flow rate since the 
residence time decreases while the turbulent mixing increases. However, from 3.70 to 9.30 
L/min the residence time decreases ~11 ms to ~5 ms up to 9.30 L/min. Therefore the mixing 
effects must be dominating the Pt formation in this region in contrast to low flow range 2.32 
L/min to 3.70 L/min where the residence time decreases from ~52 to ~ 11 ms.  
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5.3.3 Effect of Quench 
Primary particle growth can be stopped through rapid cooling by an air quench. This creates a 
fast non-equilibrium phase change [102]. The flow rate of air through the quench effects the Pt 
time of flight and zone temperature profile. In addition, the location of the quench is critical to 
formation of the desired metal and morphology [7]. An optional air-quench allows for dilution 
and rapid cooling of the combustion zone. This has two distinct functions: it stops (i.e., freezes) 
particle growth and it allows a wider range of substrate materials to be positioned at lower stand-
off distances. While passing through a quench the reaction zone temperature can drop 200-
400°C/cm and the luminosity of the flame is greatly diminished.  
O2 flow rate conditions of 2.32 L/min and 9.30 L/min were used with the quench supplying 
14 L/min of air. The O2 flow rate conditions were chosen since they are known to produce a 
mono-modal distribution of sizes without the very small, <3 nm, particles present. The air 
quench flow rate was chosen to provide the lowest setting the rotameter would allow for reliable 
control. Figure 5.6 shows that in both instances the addition of quench creates conditions for a 
bi-modal distribution. The appearance of the <3 nm particles was observed previously when 
mixing was inadequate and Pt formation occurred at the axial end of the fuel jet with poor 
mixing. In both O2 flow conditions the larger Pt particles are noticeably smaller with less 
sintering when the quench was engaged. This suggests that the flame was cooled by the action of 
the quench. The quench was placed at ~9 cm from the nozzle face which visibly shortened the 
2.32 L/min flame (length 11.7 cm) but had no observable effects on the 9.3 L/min flame (length 
6.9 cm).  
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The cooling by the quench can be explained by volume dilution of the flame tip at 2.32 
L/min but the shorter flame at 9.3 L/min can be explained by examining the mechanism of 
quench operation. Compressed air is passed through a ring nozzle at high velocity creating a 
coanda profile that bends the air along the angled surface of the circular quench creating a low 
pressure region toward the center. This causes entrainment of a large volume of ambient air into 
the primary airstream. Movement of the ambient air towards the ring nozzle cools the flame 
region behind the quench. Increasing the quench flow rate would intensify this effect. Further 
studies linking quench point, compressed air flow rate, and velocity are necessary to better 
understand the optimal placement and settings.  
5.3.4 Effect of Propane Content 
The RSDT process uses a ternary solvent mixture comprising acetone, xylene, and propane. The 
main component, xylene, acts as both a cost-effective solvent and as a fuel; xylene releases its 
enthalpic heat of combustion (-4550 kJ/mol) to decompose the metal cations and hydrocarbon 
anions. Acetone is used to increase the solubility of the Pt precursor but has a lower heat of 
combustion (-1772 kJ/mol). Propane is used to aid in atomization and helps droplet breakup 
however it is important to note that it has a lower heat of combustion (-2219 kJ/mol) compared 
to xylene. Changing the propane content of the solution from 10 to 30 wt.% results in a 
significant change in the volume percent of propane from 16 to 43% due to the very low density 
of propane (~0.493 g/mL at 20°C). The mass averaged density of the solution changes from ~0.8 
to ~0.7 g/mL. The surface tension decreases from 2.5x10-3 to 2.1x10-3 N/m (16% decrease) and 
the viscosity decreases from 5.2x10-4 to 4.2x10-4 Pa·s (18% decrease). Density and surface 
tension control the mechanical break-up mode of atomization. However, the propane also 
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contributes to flash atomization a break-up mechanism driven by the degree of superheat. The 
flashing rapidly increases the fuel vapor component. Increasing the propane content releases a 
greater volume of gaseous fuel closer to the exit orifice. In the case of 30 wt.% propane nearly 
43% of the 4 mL/min of fuel flashes. Flashing occurs once the pressure at the exit orifice drops 
below the equilibrium vapor pressure which is ~0.84 MPa at 20°C for propane. However, the 
fuel is a mixture making the equilibrium vapor pressure a function of the partial pressures for 
each component. Acetone (0.025 Mpa) and xylene (8.8e-4 MPa) have partial pressures that lower 
the overall equilibrium vapor pressure.  
The heat of combustion decreases (releases more heat) with decreasing propane content. 
Changing the propane content from 30 wt.% to 10 wt.% decreases (releases more heat) the mass-
averaged heat of combustion from -3334 kJ/mol to -3657 kJ/mol. Another consideration is the 
effect that propane expansion may have on the break-point and velocity of the fuel and O2 jets. 
The 10 wt.% solution has less propane to flash (~16 vol.%) which may reduce the overall 
velocity and hence reduce mixing while creating a longer residence time. On the other hand the 
30 wt.% propane solution (43 vol.%) conceivably creates more turbulence and hence better 
mixing. In addition, a higher content propane solution will leave the residual xylene/acetone 
droplets with a correspondingly larger Pt-(acac)2 concentration and hence a larger concentration 
gradient (see Figure 5.9A) upon evaporation. A balance between the mixing due to propane 
expansion, size of precipitate during conversion to Pt, and residence time would explain the 
range in morphologies observed in Figure 5.7.  
The dependence of morphology on propane content highlights the need for better 
understanding of the confounding effects of fuel and O2 flow rates, fuel composition, atomizing 
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burner-geometry. Future work will explore the interaction of propane content as a function of 
fuel and O2 flow rates. 
 5.4 Conclusions 
In electrocatalysis the objective is to have small (3-5 nm) non-agglomerated and separated Pt 
particles. In order to obtain this tight control of the Pt size the fuel must contain a sufficient 
enthalpy of combustion and appropriate propane content. The fuel must be mixed adequately to 
form a turbulent diffusion flame and must create conditions where unwanted Pt coarsening 
cannot occur. From this study the conditions that favor this morphology require an O2 flow rate 
setting of 6.89 L/min or higher, a propane content of 20 wt.%, and no quenching. However, a set 
of conditions that favors the formation of the very small particles (<3 nm), without the bimodal 
distribution, would be created by increasing the quench rate or moving the location of the quench 
closer toward the atomizing-burner. Further studies will explore the relationship between the 
quench flow rate, position in the flame, and fuel flow rate.  
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CHAPTER 6:  
Catalyst Nanoscale Assembly from the Vapor 
Phase on Corrosion Resistant Supports  
The purpose of the work in this chapter was to explore the stability and activity of Pt deposited 
by the RSDT process onto selected support materials. Pt nanoparticles were attached, in the 
process gas during the time-of-flight, to the surface of several supports. The supports show 
promising corrosion resistance under the cathode conditions of a proton exchange membrane fuel 
cell (PEMFC). The supported Pt catalysts were then studied in regards to structure, stability and 
electrochemical behavior toward the oxygen reduction reaction (ORR) in perchloric acid. 
Transmission electron microscopy studies showed that the average Pt particle diameter is ~2.5 
nm. The average diameter and distribution of the Pt particles is independent of the support type 
and a high degree of catalyst dispersion has been achieved on all supports. The electrochemical 
reduction of oxygen exhibits a typical Tafel slope of -65 to -71 mV/dec. The work presented in 
this chapter was presented at Symposium U: Materials for Catalysis in Energy at the Materials 
Research Society Spring 2012 meeting in San Francisco, CA and was published in 
Electrochimica Acta [82]. 
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6.1 Experimental 
6.1.1 RSDT Process 
The electrocatalyst was synthesized in a one-step process by directly depositing Pt (from the 
vapor phase) onto 3 different support types using the RSDT process. To aid in atomization and to 
increase the heat released, 10-30 wt.% of liquid propane was added to a 1 L closed vessel of 
75/25 wt.% xylene/acetone solvent bringing the final Pt-acetylacetonate concentration to 10 mM. 
The propane was drawn from a liquid reservoir by the use of a dip tube and the amount 
transferred was weighed to determine the final solution volume (ρpropane = 492.4 kg/m3). 
Precursor solution was continuously passed through the heating stage at a constant flow rate of 4 
mL/min. The precursor was heated to approximately 60 °C in the atomizing burner. The exit 
orifice was surrounded by an approximately ∅ 0.4 cm concentric channel; the channel supplied 
99.8% oxygen (Airgas East Inc., Cheshire CT) as the fuel oxidant at 10-13 L/min as shown in 
Figure 6.1. 
 Figure 6.1: Front view of RSDT atomizing nozzle illustrating the arrangement of the solvent 
injection, oxidant gas, and pilot ports.
After the ignition zone a circular air
from the end of the hypodermic insert, was centered
through the quench was fixed for all depositions at 30
consists of two 781S-46F air-assist nozzles (EFD, Inc., East Providence, RI) mounted at 180
from each other and transverse to the centerline of the flame axis were used to spray thin slurries 
of the support particles. The total flow rate of the slurry was set to 0.75
(total flow rate: 1.5-3.0 mL/min); the atomizing air was supplied to the nozzle’s fan c
82.7 kPa. The liquid phase of the slurry consisted of methanol (boiling point 65 
kJ/mol). The geometry, atomization settings and flow rates for all depositions were fixed for all 
three support types and are listed in Table 
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-quench (Exair Corp., Cincinnati, OH), located 5
 axially on the flame. The volume flow rate 
-50 L/min. The secondary spray zone 
-1.5 mL/min per nozzle 
6.1. 
 
-10 cm 
° 
ap at 68.9-
°C and Hvap 35.3 
 140
Table 6.1: Process parameter ranges used during RSDT deposition 
Motion parameters Atomization parameters Combustion parameters  Secondary nozzles 
Time 
Per 
Cycle 
(s) 
Stand-Off 
distance 
(mm) 
Swept 
area 
(cm2) 
Average 
syringe 
pump 
pressure 
(MPa) 
Needle 
temp 
(°C) 
Precursor 
flow 
(ml/min) 
Pilots 
CH4 
(L/min)  
Pilots 
O2 
(L/min)  
Tip O2 
(l/min)  
Quench 
flow rate 
(L/min) 
Slurry 
nozzle 
flow rate 
(ml/min) 
Slurry 
atomization 
pressure 
(kPa) 
74 130-150 233 1.06-
1.21 
160-
180 
4 55 0.57 10-
13.1 
30-50 0.75-1.5 68.9-82.7 
6.1.2 Slurry Preparation 
Each slurry solution was prepared using methanol as the liquid phase. The ionomer (Nafion® 
117 solution, Sigma Aldrich, St. Louis MO) was a 5 wt.% solution in a mixture of lower 
aliphatic alcohols and water. The ionomer was diluted into the methanol liquid phase and stirred, 
on a magnetic stirrer, for 5 minutes prior to introducing the support phase. Once the support 
phase was added the entire solution was sonicated (Misonix S-4000, QSonica, LLC, Newton 
CT). An overview of the formulation for each support is listed in Table 6.2. 
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Table 6.2: Suspension formulations and physical properties of the supports 
 Catalyst Slurry properties Support properties 
Pt  Support Binder Binder / BET Electrical 
Catalyst  
support type Loading 
Pt wt.% 
on 
Support wt. % wt. % Support 
Surface 
Area 
Conductivit
y 
(µg/cm2)  in slurry in slurry Ratio m2/g S/cm 
Graphitized 
Corrosion 
Resistant 
Carbon 
(CRC2700 L35)  
34 50 0.17 0.026 0.153 189 NA 
Ceramic 
Magneli Phases 
of TinO2n-1 
(Atraverda 
10015) 
39 2.5 3.41 0.038 0.011 8 1000 
Amorphous 
Carbon (Vulcan 
XC-72R) 
29 50 0.17 0.026 0.156 254 4 
The formulations are nominally the same except for the TinO2n-1 support; it was present in a 
much higher concentration in the slurries in order to ensure an even coverage of the electrode. 
Since the density and particle size are much larger than the carbon based supports this 
modification was necessary to ensure adequate coverage on the glassy carbon substrate surface 
prior to rotating disk electrode (RDE) evaluation. 
6.1.3 Electrochemical Measurements 
All electrochemical measurements were performed in a three-electrode, single-compartment 
half-cell using a reversible hydrogen electrode (RHE) (ET071 Hydroflex, eDAQ) as the 
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reference electrode. A Pt wire (0.5 mm OD x 152 mm L, 99.95%) in a fritted tube was used as 
the counter electrode (AFCTR5, Pine Instruments). The working electrode was formed by 
directly depositing the Pt and support onto a 5 mm hands off glassy carbon disk assembly 
(ACE6DC050GC, Pine Instruments). 
In the current study the support, catalyst and Nafion® are all added simultaneously and 
directly to the glassy carbon substrate and then tested directly. The RSDT process allows for 
simultaneous RDE and CCM deposition under identical conditions; this allows for a better 
comparison between electrochemical testing techniques since the catalyst is applied identically in 
both cases. The electrode structures then have the same morphology. This is in contrast to 
comparing a dried ink (i.e., RDE) versus a slot die or screen printed electrode (i.e., MEA). 
All potentials reported in this paper are relative to a RHE immersed in 0.1 M HClO4 at 
25°C. The perchloric acid choice was to avoid anion adsorption that may mask inherent activity. 
Cyclic voltammetry was performed using a potentiostat, controlled with Nova software 
(Metrohm, PGSTAT101). Rotating disc voltammetry was performed using an ASR rotator 
(AFMSRCE, Pine Instruments). The whole 125 mL half-cell (AKCELL3, Pine Instruments) was 
surrounded by a water jacketed sheath with the water temperature thermostated to 25°C (Isotemp 
3016D, Fisher). Potential cycling was set between the limits of 0.02-1.2 V at a scan rate of 20 
mV/sec. Linear sweep voltammetry was performed at the beginning of life, just after a 20 cycle 
cleaning step, and then at stability test cycle 500. The electrode was rotated at 1600 rpm and the 
voltage scanned from 1.05 V to 0.2 V at a rate of 5 mV/sec. All values calculated for the mass 
activity and specific activity were on the positive going sweeps with no IR correction unless 
noted. When the IR correction was applied an uncompensated solution resistance of 30 Ω was 
used. 
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6.1.4 Structural Determination and Elemental Analysis 
Bulk elemental analysis of the deposited films was determined by inductively coupled plasma 
optical emission spectroscopy (ICP-OES) using a Perkin Elmer Optima 7300DV ICP-OES. The 
structure of the deposited Pt was probed by a Bruker D8 Advance X-ray diffractometer 
configured with: a ∅ 250 mm goniometer in Bragg-Brentano geometry; a Cu Kα (1.541 Å) 
source; and a compound silicon strip 1-dimensional LynxEye detector. 
SEM images were captured using a FEI Quanta 250 FEG with a field emission source and 
imaged using an Everhart-Thornley SE (secondary electron) detector with an electron 
accelerating voltage of 10 or 20 kV and a working distance of 10 mm. 
A series of electron micrographs were collected with: a JEOL 2010 FasTEM (a field 
emission JEOL 2010 TEM operating at 200 kV), and an aberration-corrected Hitachi HD2700C 
S/TEM. The grids, placed at an equivalent stand-off distance to the electrodes, were removed at 
90 and 360 seconds as noted. Film formation from impinging nanoparticles is ideally suited to 
study using the TEM because, in the early stages of growth, the films are thin enough so as to be 
transparent to electrons. Additionally, the Cu grids do not require additional sample preparation 
[287]. 
The surface chemistry of the samples was examined on a PHI Multiprobe using a Mg Kα X-
ray source. All binding energies were calibrated by placing the graphite C1s line at 284.6 eV. 
The XPS electron energy plot of the Pt peaks was fit by constraining the full-width at half-
maximum (FWHM) of each photoelectric emission line to 2 eV; a value determined by the 
diameter of the analyzer, the pass energy (25 eV) and the spread of energies in the X-ray source. 
The fitting parameters were also set so that the ratio of the electron emissions between the 
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doublet states of the core f level orbitals was set to 4:3. This ratio is derived from photoemissions 
having symmetries, defined by f orbitals, that define an angular momentum equal to three (l = 3) 
thus yielding a multiplicity ratio, M of 
M= (2(l - ½) + 1) : (2(l + ½) + 1)  (1) 
which equals 4:3 (i.e., the ratio of the f7/2 and f5/2 doublet was fixed to 4:3). Curve fitting of 
the core-level XPS lines was carried out using CasaXPS software with a Gaussian-Lorentzian 
product function and a non-linear Shirley background (i.e., the background goes up in proportion 
to the total number of photoelectrons below its binding energy position). 
6.1.5 Deposition Substrates 
A custom made holder located at a stand-off distance between 6-8” (15-20 cm) was fabricated to 
simultaneously position three glassy carbon rotating disk electrodes (RDE) (ACE6DC050GC 
and ACE6DC050AU, Pine Instruments) for direct application of the film. The electrode diameter 
is 0.5 cm creating an active area of 0.196 cm2. The electrodes were placed into a 
polytetrafluoroethylene (PTFE) “U-cup” (AKUCUP, Pine Instruments) and pressed into the 
holder to prevent any deposition on the sides of the electrode, see Figure 7.2. Another holder, to 
allow for fast removal of Cu grids during a deposition, held meshed grids coated with either 
ultrathin carbon (<3nm) on a holey carbon support film (300 mesh) or lacey formvar stabilized 
with carbon (200 mesh) (Ted Pella, 01824 and 01881). 
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6.2 Results 
6.2.1 Phase Identification by Bulk Diffraction 
The thickness and loading of platinum deposited onto the glassy carbon disk was fixed using a 
predetermined exposure time; this time was based on previous loading and thickness 
measurements taken as a function of time. The loading was confirmed by ICP analysis using a 
polypropylene coupon located next to the rotating disk. The duration of each deposition was 25 
minutes. Due to the low Pt loading (i.e., <40 µg/cm2) and the small electrode area (i.e., 0.196 
cm2) the signal to noise ratio was low in the diffraction pattern. In order to get a stronger signal a 
separate deposition was run for 180 minutes on a Si wafer; the XRD plot is shown in Figure 6.2. 
The peaks assigned to the five prominent lattice planes found in face-centered cubic Pt (ICDD # 
00-04-0802) are present and the crystallite sizes tabulated in Table 6.3. 
Table 6.3: Indexing and crystallite size determination of the Pt catalyst from X-ray diffraction 
Lattice plane d-spacing (Å)  ICDD# 00-04-0802 d-spacing (Å) 
(1 1 1) 2.265 2.27049 
(2 0 0) 1.9616 1.96470 
(2 2 0) 1.3873 1.38755 
(3 1 1) 1.1826 1.18278 
(2 2 2) 1.1325 1.13236 
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Figure 6.2: Diffraction pattern of Pt deposited directly onto a Si wafer, showing the absence of 
precursor and oxides of Pt. 
6.2.2 TEM of Pt deposited on Vulcan XC-72R 
The bright field image in Figure 6.3A shows an aggregate of primary carbon particles that are 
30-80 nm in diameter. Neck growth between the primary particles holds the aggregate together. 
The Pt is evenly distributed on both the formvar film and the carbon aggregate. Regions of 
darker contrast appear concentrated at the intersection primary carbon particles; this indicates 
that a higher density of incoming Pt particles favorably attached to this region. 
 Figure 6.3: Transmission electron microscopy of an RSDT Pt deposited Vulcan XC
particle showing a) aggregate of primary carbon particles evenly covered with Pt and b) a view 
of the Pt on the carbon support expressing the (1 1 1) lattice planes. The sample 
to the process for 90 s. 
The entire 1.2 µm2 area is coated with Pt particles no larger than 5 nm in diameter. The 
diffraction pattern (DP) is diffuse, however, diffraction intensity from the (1 1 1) lattice plane is 
most prominent. The image in Figure 
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6.3B shows Pt particles not only attached to the Vulcan 
 
-72R carbon 
was exposed 
 XC-72R support but also attached to the grid’s formvar film. The turbostratic structure of carbon 
is shown in the lower right quadrant. The (1 1 1) planes are tilted toward the detector with a
separation of 0.227 nm; this is in good agreement with 2.27049 Å determined by XRD 
measurements. The Pt particle sizes in this region are 3
there is no evidence of sinter necking. A histogram, of the particle size coun
off the support is shown in Figure 6.3C
deviation of 0.633 nm (n = 362).
Figure 6.4 highlights the upper left quadrant of Figure 
shows the intersection of several carbon primary particles. In the bright field image, Figure 
the left side of the image highlights darker bands of contrast that appear concentrated along the 
intersection of carbon particles. These darker bands of Pt extend along 
aggregate shown in Figure 6.3A.
Figure 6.4: a) bright field and b) dark field image of the upper left hand quadrant of 
showing areas along the carbon particle that exhibit preferential Pt attachment. The sample was 
exposed to the process for 90 s. 
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. The average particle size is 2.43 nm with a standard of 
 
6.3A the area under examination 
the length of the carbon 
 
 
6.4A, 
 
Figure 6.4A 
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The contrast evident in the dark field image, Figure 6.4B, is mapped relatively well to the 
darker regions in Figure 6.4A. The lighter regions show the distribution of Pt over the carbon as 
well as areas on the formvar film. The even coverage of the Pt is even more evident although the 
3 dimensional arrangements of the carbon particles running along the upper left tends to obscure 
a more detailed mapping in diffraction contrast. A few anomalous Pt particles with diameters >5 
nm are more clearly observed in DF mode (note the two present in Figure 6.4B) although their 
number count is low. 
Figure 6.5A shows a Vulcan XC-72R agglomerate that was deposited by RSDT for a total 
of 360 s. The agglomerate is 440 nm by 360 nm and consists of approximately 50 primary 
carbon particles. Noticeably present is a ~ 10 nm thick film, presumably of Nafion®, coating the 
entire agglomerate. Figure 6.5B shows another aggregate on the same grid. The DP again 
confirms the crystallinity of the deposited Pt particles. 
 Figure 6.5: TEM image of an RSDT Pt deposited Vulcan XC
agglomerate on formvar film and 
of the Pt coverage and the SAED.
to the process for 360 s. 
A histogram, of the particle size count, for particles on and off the support is shown in 
Figure 6.5C. The average particle size is 2.01 nm with a standard of deviation of 0.415 nm (n = 
3379). The coating coverage between a sample exposed to the process for 360 s (
and 90 s (i.e., Figures 6.3 and 6.4
reveals spherical islands of growth isolated from each other; the growing islands at 360 s no 
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-72R carbon agglomerate 
B) another agglomerate on same grid highlighting the evolution 
 C) Histogram of particle size count. The sample was exposed 
) is evident. The grid exposed to the deposition for 90 seconds 
 
A) single 
i.e., Figure 6.5), 
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longer exhibit spherical symmetry. These areas, where growth is concentrated, show an 
interdigitated pattern with individual islands having slightly branched and features with a higher 
aspect ratio. As observed in other images, there is a distinct tendency for the Pt coatings to 
thicken near intersections between primary carbon particles. 
A larger agglomerate Vulcan XC-72R decorated with Pt is imaged using STEM and shown 
in Figure 6.6. The agglomerate is 460 nm wide and 510 nm long. This image again confirms that 
the entire agglomerate is coated in a conformal manner with Pt and that there are indeed a few 
isolated Pt particles or Pt clusters (i.e., 5< dp <10 nm) that exist. These larger particles do not 
appear concentrated along any features (e.g., primary particle necks) and account for only about 
40 particles out of perhaps several thousand on the area in focus in Figure 6.6. 
 Figure 6.6: STEM image of an RSDT Pt deposited Vulcan XC
6.2.3 TEM of Pt Deposited on Corrosion Resistant C
Figure 6.7 shows how the CRC agglomerates when sprayed by the RSDT process. The 
dimensions are roughly 450 nm across and 630 nm long, very similar to the size observed for the 
Vulcan XC-72R samples. The edge sites, revealed by the diffraction contrast, in the highly
graphitized regions follow the circumference of the of the primary carbon particles. The diameter 
of the primary graphitized carbon particles is 30
edges and a slightly ellipsoid shape.
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-72R carbon agglomerate
arbon 
-35 nm; the particle has facet-like features on the 
 
 
. 
 
 Figure 6.7: TEM image of an RSDT Pt deposited Cabot CRC 2700 L3
agglomerate and B) magnified view of the lower right corner of agglomerate.
exposed to the process for 90 s. 
A survey of the 0.45 µm2 area reveals only about 10 particles
of 5-10 nm on the formvar coated grid while there are more than 30 observed scattered on the 
agglomerate. The larger Pt particles appear to be preferentially located along the edge sites of the 
carbon. Figure 6.7B reveals a closer examination of the lower right quadrant in Figure 
image shows that not only is the formvar coated grid covered in Pt particles but so are the edge 
and center regions of the graphitized carbon. The Pt particles comprising the ove
both the agglomerate and grid are mostly < 2 nm in size. The edge sites exhibit some regions of 
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5 graphitized carbon A) 
 The sample was 
 of Pt that are in the size range 
6.7A. The 
rall coverage of 
 darker contrast where the Pt particles appear to cluster but overall the coverage is uniform.
The same sample was also imaged using STEM as sho
carbon agglomerate is roughly 90 nm wide by 110 nm long and is certainly smaller than the 
other observed agglomerates. In this region the Pt catalyst particles are again evenly distributed 
over the entire area. Edge sites alo
the higher density of carbon atoms packed into the hexagonal lattice.
Figure 6.8: A) STEM image of an RSDT Pt deposited Cabot CRC 2700 L35 graphitized carbon 
agglomerate and B) middle region
There are no Pt particles larger than about 2
over both the graphitized support and gr
few 2 nm in size but the overwhelmin
in the upper right and lower left quadrant reveal that the Pt particles are located in the amorphous 
interior as well as the hexagonally packed outer ring. A histogram, of the particle size count, for 
particles on and off the support is shown in Figure 6.7C
with a standard of deviation of 0.897 nm (n = 1516).
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 of agglomerate in 6.8A. 
-3 nm and the particles are evenly distributed 
id. The Pt particles in Figure 6.8B are very small with a 
g majority below 1 nm. The graphitized primary particles 
. The average particle size is 2.49 nm 
 
 
 A and B. This 
 
 6.2.4 TEM of Pt Deposited Tin
The large size of the TinO2n-1 particles, even after ball
transmission mode. The SEM image in Figure 
particles (i.e., prior to Pt deposition); Figur
ball-milling at 400 rpm. 
Figure 6.9: SEM images of a) pre and b) post ball milled 
The BET surface area increased from 1 to 11.9 m
noting that the z-contrast between Pt (z = 78) and Ti (z = 22) is slightl
= 6). Figure 6.10A shows a bright field view of the top surface of a Ti
have been cleaved from a larger particle. Figure 
covered in Pt particles with an average
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O2n-1 
-milling, limits the contrast in electron 
6.9A is illustrative of the as-received Ti
e 6.9B shows the resulting size after 100 hours o
TinO2n-1 
2/g after ball milling. It is also worth 
y smaller than Pt and C (z 
nO2n-1 particle that may 
6.10A shows that the support is again evenly 
 size of ~2.3 nm. 
nO2n-1 
f 
 
 Figure 6.10: TEM images of Pt deposited 
another support particle revealing the attached Pt
6.10A. 
Pt nanoparticles appear concentrated along the left side edge of the Ti
particle measures 150 nm in width and is over 165 nm long. Figure 
particle that is approximately 30 nm in diameter and tilted to display the Pt attached to th
surface. The attached Pt particles range from 2
that is approximately 5Å in thickness. A histogram, of the particle size count, for particles on and 
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. C) Histogram of Pt particle sizes from Fig
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6.10B shows another Ti
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e 
 157
off the support is shown in Figure 6.10C. The average particle size is 2.93 nm with a standard of 
deviation of 0.892 nm (n = 332). 
6.2.5 XPS Surface Analysis of Support Deposited Pt 
The regional XPS of the Pt(4f) core level orbitals (~68-80 eV) exhibit the expected doublets 
arising from spin-orbital splitting between the 4f 7/2 and 4f 5/2 states as shown in Figure 6.11. 
Each spectrum consists of a low energy band centered at 71.53-71.67 eV and a high energy band 
centered at 74.88-74.92 eV representative of Pt present in the metallic state Pt0. The separation 
energies between the two bands ranged from 3.346-3.37 eV. The binding energy values are in 
agreement with literature at 70.9 eV for the 4f 7/2 emission band and 74.25 eV for the 4f 5/2 band 
(∆eV between bands = 3.35) [288]. Identification of the higher oxidation states of Pt requires 
fitting a curve to the raw emission spectra and the results are presented in Table 6.4. 
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Table 6.4: XPS data from the Pt4f peaks of Pt on different supports 
Name Position (eV) FWHM Area (%) % Pt(0)  
or Pt(II) 
∆eV 4f5/2  
- 4 f7/2 (eV) 
Vulcan XC-72R 
    
Pt 4f 7/2, Pt 71.5 2.7 40.1 
0.7 3.4 
Pt 4f 5/2 74.8 2.6 30.0 
Pt 4f 7/2, PtO 72.9 2.8 17.1 
0.3 3.4 
Pt 4f 5/2 76.3 2.7 12.8 
Corrosion Resistant Carbon 
Pt 4f 7/2, Pt 71.6 2.3 39.7 
0.7 3.4 
Pt 4f 5/2 74.9 2.5 29.8 
Pt 4f 7/2, PtO 73.7 2.3 17.42 
0.3 3.1 
Pt 4f 5/2 76.8 2.5 13.1 
TinO2n-1 
     
Pt 4f 7/2, Pt 71.7 2.6 48.1 
0.8 3.3 
Pt 4f 5/2 75.0 2.5 36.1 
Pt 4f 7/2, PtO 73.2 2.6 9 
0.2 3.3 
Pt 4f 5/2 76.5 2.5 6.8 
The curve fitting for all three samples reveals a smaller doublet at higher binding energy 
positions (i.e., 73.7-74 eV for the PtO 4f 7/2 and 77.05-77.35 PtO 4f 5/2) relating to the existence 
of the Pt2+ state as in PtO and Pt(OH)2. An additional fitting was employed (data is not shown) to 
fit possible Pt4+ peaks but the total areas, ranging from 5-12%, were small. 
 Figure 6.11: XPS electron energy spectrum of Pt 4f on a) Vulcan XC
TinO2n-1 as measured on a polypropylene substrate.
6.2.6 Cyclic Voltammetry and Stability T
The plots in Figure 6.12 A–B show the evolution of the current response for each electrode type 
at scans 100 and 500; each scan comprised a voltage cycle between 0.05 V and 1.2V and back at 
a scan rate of 20 mV/sec. Both carbon based electrode types exhi
desorption peaks for protons in the range of 0.05 to 0.4 V. The Ti
the typical crystallographic peaks associated with proton adsorption and desorption and does not 
have the typical charge double layer capacitance shape observed on carbon based supports at 0.4 
V. 
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 Figure 6.12: Cyclic voltammograms recorded at a scan rate of 20 mV/sec on CRC, Ti
Vulcan XC-72R at a) 100 cycles and b) 500 cycles. Plots highlight the detailed current 
for CRC and TinO2n-1 at c) 100 cycles and d) 500 cycles between 0.05
In tracing the CV from low to high voltage the crystallographic specific desorption peaks, 
attributed to H+ desorption, are present for the Vulcan XC
The desorption currents fall to a minimum at 401 mV near the capacitive charge double layer 
region whereby the geometric capacitive double layer (C
The Pt-O onset current occurs at 420 mV and reaches a plateau at 800 mV; a very small shoulder 
is also observed at 940 mV. The corresponding broad reduction peak occurs at 701 mV (
mV). A small shoulder off the main Pt
adsorption onset current occurs at 320 mV and encounters an inflection toward higher currents at 
155 mV. This broad peak reaches a maximum at 35 mV.
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-72R sample at 81 mV and 150 mV. 
DL, geo) is calculated to be 7.6 m
-O reduction peak is observed at 545 mV. The H
 
 
nO2n-1, and 
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F/cm2. 
∆V = 99 
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After 500 cycles the desorption currents corresponding to various crystallographic indices 
of Pt occur at 125 and 200 mV (~45 mV shift). The desorption currents fall to a minimum at 451 
mV near the geometric capacitive charge double layer region whereby the CDL, geo is calculated to 
be 7.2 mF/cm2. At 464 mV the formation of Pt-O bonds begin to take off and then plateaus at 
858 mV. Along the Pt-O plateau there are two barely distinguishable peaks at 887 and 1010 mV. 
The corresponding broad reduction peak occurs at 770 mV (∆V = 88 mV). A small shoulder off 
the main Pt-O reduction peak is observed at 594 mV. The H+ adsorption onset current occurs at 
375 mV and encounters an inflection toward higher currents at 181 mV. This broad peak reaches 
a maximum at 86 mV. H2 evolution current begins at 52 mV. 
After 100 cycles it is clear that the CRC has an attenuated charge/discharge current 
compared to the Vulcan XC-72R and does not show any signs of increasing. By tracing the CV 
from low to high voltage the crystallographic specific desorption peaks, attributed to H+, are 
present at both 110 and 208 mV. The current falls to a minimum at ~0.4 V whereby the CDL, geo is 
calculated to be 0.75 mF/cm2. At 603 mV the formation of Pt-O bonds begin to take off and then 
plateaus at 911 mV. The corresponding reduction peak occurs at 794 mV (∆V = 117 mV). On 
moving around the CV toward the H+ adsorption region, a shoulder appears at 164 mV. Two 
distinctive adsorption peaks occur, a broad one at 118 mV and a very sharp peak 5X in 
magnitude at 61 mV. H2 evolution current begins at 47 mV. 
After 500 cycles the H+ desorption peaks have differentiated into three broad peaks at 42, 
118 and 200 mV. The minimum in the capacitive charge double layer has slightly increased to 
486 mV and the CDL, geo has decreased to 0.5 mF/cm2. The Pt-O onset current occurs at 596 mV 
and again plateaus at 896 mV. The corresponding reduction peak occurs at 801 mV (∆V = 95 
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mV). A shoulder appears at 174 mV and a more intense and broad peak at 88 mV. H2 evolution 
current begins at 64 mV. 
At 100 cycles the TinO2n-1 electrode has a very broad and barely discernible peak that occurs 
at 226 mV and gradually decreases to a minimum at 568 mV. The onset current due to Pt-O bond 
formation begins at 620 mV and evolves into a plateau with a broad peak occurring at 873 mV. 
The corresponding Pt-O reduction peak occurs at 726 mV (∆V = 147 mV). The H+ adsorption 
region is featureless except for a barely discernible shoulder appearing at 219 mV. A more 
intense and broad peak occurs at 55 mV. The capacitive charge double layer region exists over a 
broad range of potentials and is only slightly smaller than the faradaic currents. The onset of H2 
evolution is underway by 100 mV. The CDL, geo at 0.4 V is 2.6 mF/cm2. 
After 500 cycles, the TinO2n-1 electrode has a broad peak at 89 mV followed by a trough and 
another much broader peak occurring at 280 mV. The peak again gradually decreases to a 
minimum at 719 mV. The onset current due to Pt-O bond formation begins at 760 mV and 
evolves into a plateau with no discernible peak. The corresponding Pt-O reduction peak occurs at 
760 mV. Another barely discernible bump occurs at 260 mV followed by a very sharp peak at 67 
mV. The onset of H2 evolution has shifted to 140 mV indicating an increasing overpotential 
toward reduction. The CDL, geo at 0.4 V has increased to 5.6 mF/cm2. 
The calculated electrochemically active surface area for each electrode as a function of 
cycle number is presented in Figure 6.13. The variance for each electrode (n=3, 3σ) is plotted 
vertically. 
 Figure 6.13: Plot of the calculated ECSA (m
number with associated standard deviation (n=3, 3
6.2.7 Linear Sweep Voltammograms (LSV) for Oxygen Reduction R
Figure 6.14A consists of representative plots of the oxygen reduction currents generated during 
anodic scans of Pt supported on each of the three support types at a 
6.14B represents the same data plotted in a Tafel type format.
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σ) in each measurement. 
eaction
scan rate of 5 mV/sec. Figure 
 
 
 
 Figure 6.14: Post stability A) test linear sweep voltammetry on Pt supported by: CRC; Ti
and Vulcan XC-72R using 0.1 M HClO
of 1600 rpm all catalysts deposited onto glassy
C) mass activities, im for the ORR, and 
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4 electrolyte at a scan rate of 5 mV/sec and a rotation rate 
-carbon disk electrodes, B) Tafel slope analysis, 
D) specific activities, is for the ORR. 
 
nO2n-1; 
 Figure 6.15: Post and pre-stability linear sweep voltammetry on Pt supported by: CRC; Ti
and Vulcan XC-72R using 0.1 M HClO4 electrolyte at a 
rate of 1600 rpm. 
A summary of the performance metrics, at potentials of 0.85 and 0.9 V, from each 
representative LSV scan is listed in Table 
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Table 6.5: Summary of extracted LSV and CV data based on choice of support 
  
ECA 
m2/g  
iL 
(µA/cm2) 
i0.9V, anodic 
(µA/cm2) 
ik, 0.9 V 
(mA) 
mass 
activity at 
0.9 V 
(mA/mgPt) 
specific 
activity at 
0.9V 
(µA/cm2
-Pt) 
i0.85V, 
anodic 
(µA/cm2) 
ik, 0.85 
V 
(mA) 
mass 
activity at 
0.85 V 
(mA/mgPt) 
specific 
activity at 
0.85V 
(µA/cm2
-Pt) 
V1/2 wave 
at 0.5 iL 
corrosion 
resistant 
carbon  
7.79 -5880 586 0.105 15.7 201.301 2209.0 0.315 47.2 606.6 0.8327 
TinO2n-1  26.6 -5220 20 0.004 0.949 3.567 149.0 0.028 6.9 25.9 0.7106 
 Vulcan 
XC-72R 75.4 -5660 1403 0.221 38.8 51.4 3516.0 0.426 74.8 99.2 0.8656 
40% 
Pt/Vu 
(ETEK) 
[176] 
36 NA NA NA  69 190 NA NA NA NA NA 
20% 
Pt/Vu 
(ETEK) 
[176] 
72 -6000 1500  NA 160 230 NA NA NA NA NA 
45.9% 
Pt/HSC-E 
(TKK) 
[176] 
82 NA NA  NA 160 190 NA NA NA NA NA 
6.3 Discussion 
6.3.1 Phase Identification by Bulk Diffraction 
The DP from the XRD experiment of the representative Pt catalyst deposited onto a Si wafer 
indicates that crystalline Pt is indeed formed. The DP was indexed to ICDD# 00-04-0802 and a 
comparison between the experimental and card values is tabulated in Table 6.3. The DP indicates 
an absence of Pt-acetylacetonate precursor and oxides of Pt although diffraction can only detect 
species above a few percent by mass in the bulk material.  
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6.3.2 XPS of Pt Deposited onto Different Supports 
The stoichiometry and relative stability of oxidized Pt compounds that can be formed on the 
surface of Pt single crystals and nanoparticles as well as their role in the reactivity of Pt is still 
under debate. This oxidation level can exist through physical interactions, such as adsorption, or 
can be chemical/electrical in nature [289]. In addition to the Pt surface oxidation that can occur 
in the O2 rich environment of flame based synthesis, a dynamic concentration of O2 occurs in-
situ (i.e., in the fuel cell operating environment) at the surface due to restructuring of surface Pt 
with potential cycling; this dynamic condition allows oxygen penetration into the near-surface Pt 
layers. Weaver et al. found that the XPS photoemission spectrum of a platinum foil that was 
etched using a combination of thermal treatment and Ar+ ion bombardment under high vacuum 
exhibited two prominent peaks [290]. The peaks occur due to the spin-orbital splitting of the 
platinum 4f5/2 and 4f7/2 electron orbitals and occur at binding energies of 74.6 and 71.3 eV, 
respectively [290]. 
Various degrees of oxidation affect the platinum 4f5/2 and 4f7/2 peaks, as well as the 
appearance of a peak at 76.9 eV. A high concentration of adsorbed oxygen on the surface of 
platinum metal is possible only by the formation of a chemical bond. Lower surface 
concentrations of oxygen atoms occur when intermediate oxidation states of the surface platinum 
atoms occur. Valence electrons are progressively transferred from Pt to O and the electrostatic 
interaction between the nucleus and the 4f electron becomes stronger. A change in interaction 
from physically adsorbed O to chemically adsorbed O is expressed by the following changes in 
the plot: increasing counts at the minimum between the two Pt peaks at 72.9 eV, increase in the 
Pt 4f5/2 peak counts, and an increasing shoulder at 76.9 eV [289]. The observed XPS spectra 
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represent the superposition of electron emission from the unique chemical environment of 
elemental species present on the top 1-10 nm. Therefore, changes in the spectra in Figure 6.11 
suggest the appearance of a second pair of peaks formed by a superficial layer of partially 
oxidized platinum. 
Under conditions of standard temperature and pressure the surface of the platinum sample 
consists of an interfacial layer of Pt atoms to which oxygen atoms are bound, and below this is a 
layer of unaltered Pt atoms. Figure 6.11 shows that the Pt 4f peaks, regardless of the support 
type, exhibit an unusually high count between the doublets ascribed to Pt0. The percentage of Pt0 
and Pt2+ species present is shown in Table 6.4. The two carbon based supports have a consistent 
Pt(0)/Pt(II) surface concentration of 70% Pt(0) and 30% Pt(II) while the Pt supported on TinO2n-1 
has an 85% Pt(0) and 15% Pt(II) split. For comparison Prabhuram et al. [291] found that a 20 
wt.% Pt/C E-TEK catalyst had a surface Pt(0) composition of 73.54 % and Pt(II) of 26.46%. 
Guha et al. [292] found that Pt on carbon produced by a colloidal platinum route using several 
different types of reducing agents (e.g., sodium dithionate, sodium bisulfite, sodium citrate, and 
sodium borohydride) a gave relative Pt(0) intensities of 64-77%. 
Another noted feature is the shifting to higher binding energies (0.63-0.77 eV) of the Pt 
4f7/2 compared to the literature value of 70.9 eV. Deviation of the binding energy from the bulk 
metal indicates possible metal-support interactions and/or small nanoparticle effects that 
constrain the electronic structure [293]. The relatively high trough between the spin-coupled 4f 
peaks is much more pronounced than observed in other studies of Pt/C catalysts and this can be 
interpreted by the presence of the Pt2+ doublets and from peak broadening due to size. This size 
constraint may be even more pronounced due to the large number of Pt clusters that are less than 
1 nm in size as shown in Figure 6.8. 
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This surface oxide coverage would seem to contradict the bulk phase data obtained by x-ray 
diffraction, but the interaction depth of XPS is on the order of 10 nm, while the interaction depth 
for powder diffraction is several microns. The high temperature environment and oxidizing 
flame conditions found in the RSDT process could conceivably oxidize the outer layers of the 
condensed platinum atoms as they aggregate and grow into particles. Residence time in the flame 
and point of quench would be interesting avenues for further research on limiting the extent of 
this surface oxidation. 
6.3.3 TEM of Pt Deposited onto Vulcan XC-72R 
The TEM images of the RSDT produced samples show that the Vulcan XC-72R support is 
evenly covered in crystalline Pt particles. There is a distinct tendency for the Pt particles to 
concentrate near intersections between primary carbon particles. The number of Pt particles (i.e., 
the number flux) reaching the grid is considerably larger than the flux of Vulcan XC-72R 
aggregates. This result is evidenced by the broad coverage of Pt nanoparticles both on the Vulcan 
XC-72R and on the grid. This effect produces a layer of Pt that forms, on the grid, prior to a 
contiguous layer of support. This contact with the grid and the un-supported Pt particles forms an 
interfacial layer. The effect has been observed previously [163,294] and is expected to enhance 
the electrochemical performance in an operating cell due to increased utilization near the 
electrolyte interface [295]. The lattice spacing of the expressed (1 1 1) planes is 2.27 Å matching 
well with the lattice spacing from bulk diffraction shown in Table 6.3. 
The Pt nanoparticles are uniformly distributed, regardless of the support type, and the 
particles are roughly spherical shape. The number density of attached Pt sites is invariant to the 
support type. The number density of assembled Pt particles changes as a function of the 
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deposition time as shown in Figures 6.4A and 6.5B, the difference in coating time between the 
two images is 270 s. Due to differences in deposition efficiency the ratio of support to Pt flux 
was fixed at approximately 1:38 for the carbon based supports and 1:2 for the TinO2n-1 flux in 
order to obtain the target wt. % shown in Table 6.2. 
Initially spherical islands of growth, isolated from each other, are evident as exemplified in 
Figure 6.4A. At 240 s, Figure 6.5B, the growth appears concentrated at points of previous 
deposition as evidenced by the loss in spherical shape and the interdigitated pattern between the 
growing assembled particles. This can be explained by a mechanism whereby the incoming fully 
formed particles have an increased sticking coefficient at these points; this preferential 
deposition was also observed from synthesis of bimetallic nanoparticles comprising IrxPt1-xO2-y 
or IrxRu1-xO2-y [90]. The formation of interdigitated Pt particles suggests that the Pt nucleation is 
not taking place directly onto the support; different support types would foster different driving 
forces for nucleation (e.g., surface energy and defect density) and hence perceivable differences 
in the Pt dispersion [74]. This dispersion effect has been seen using physical vapor deposition 
(PVD) type systems depositing Pt onto carbon and TinO2n-1 supports [296]. The Pt nucleates in 
the vapor phase and a strong bonding with the support occurs during collisions. These collisions 
occur at relatively low temperatures preventing surface diffusion. This type of mechanism is 
known as “ballistic” since the projectile direction of the arriving particles is the primary driver of 
deposition [297]. 
6.3.4 Cyclic Voltammetry 
The current-potential response shows that cycling, after an initial “break-in” period, universally 
leads to proportional decreases in the various surface area dependent processes such as 
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electrochemical adsorption and desorption of hydrogen (0-0.4 V), double layer charging (0.4-0.6 
V), and PtOH formation and reduction (0.6 V–1.2 V). The CVs of the all the RSDT applied Pt 
catalysts show four different characteristic regions: a typical proton ion adsorption–desorption 
region, a double-layer charging current region, a Pt pre-oxidation region, and a Pt reduction 
region.6.12 show two very distinctive trends between cycles 100 and 500. First, the total window 
of surface charge for hydrogen monolayer desorption broadens out while the monolayer 
adsorption region shows a very distinctive evolution of a peak at 0.1 V after 500 cycles. The Pt-
O reduction peak intensity has also flattened out and is attenuated by 30%. This is likely due to a 
restructuring of the surface layers during potential cycling [298]. The root cause of the 
restructuring is due to residual surface and sub-surface (i.e., chemisorbed) oxide formation as 
well as O2 diffusion into the bulk during fabrication in an O2 rich combustion environment. 
According to Chaston, a very thin film of the solid oxide PtO2 can form on the surfaces of the 
forming nanoparticles and that this layer may thicken as the temperature of the process is raised 
[104]. The extent of surface oxidation appears constrained on the surface as there are no oxides 
of Pt detected in powder diffraction. This surface and subsurface oxide layer is rearranged with 
voltage cycling. Continued cycling eventually reduces this to a superficial layer that exhibits 
features of the pure H+ monolayer oxidation/reduction couple found on clean Pt surfaces. 
Inspection of the Pt-O reduction wave peak intensity on both CRC and the TinO2n-1 shows the 
same trends indicating the effect is inherent in the fabrication process.  
In Figure 6.13 the initial increase in surface area for the Vulcan XC72-R support is due to 
cleaning of the Pt surface by removal of adsorbed impurities and increased wetting of the 
Nafion® layer covering the catalyst particles [182,299]. It is also suspected that the mercaptan 
odorant used in propane as part of the solvent system forms SO2 during combustion. SO2 is a 
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known catalyst contaminant [300] that exists up to 10 ppm in the propane solutions. The extent 
of contamination, if at all, is unclear. However, the concentrations found in the RSDT process 
are expected to be on the lower end of those tested by Zhai et al. The concentration is diluted by 
xylene, bringing the concentration down to 2 ppm in the solution, and by the large amount of 
stoichiometric excess O2 fed into the process stream. Zhai et al. found that the performance loss 
occurs by two competing processes; one is reversible and the other irreversible. SO2 
contamination due to the reversible process can be recovered in H2/air operation, while that of 
the irreversible process is partly recovered by CV stripping in the H2/N2 mode. The electrodes 
used in this study were subjected to both recovering conditions during CV and ORR testing and 
thus any residual effects due to the odorant are not expected to linger. 
Incomplete carbon oxidation leads to the formation of surface groups (as opposed to 
complete oxidation to CO2) occurs during potential cycling. Penetration of oxygen ions into the 
topmost layer is one step, of many, in the mechanism of electrochemically initiated surface-oxide 
growth. During the reduction process the oxide ions have to leave the metal lattice resulting in a 
residual roughening of the surface. The differing time required to reach steady state CVs reflects 
the relative hydrophobicity of each support. Graphitized carbons are known to be more 
hydrophobic than amorphous carbon and this may explain the poor performance and low 
electrochemically active surface area (ECA); ECA is correlated with dispersion. Note that the 
dispersion determined by TEM indicated a uniform coverage unchanged by support type. This 
discrepancy must be rooted in differing interaction (i.e., bonding) of the Pt with the supports and 
not any physical distribution of Pt, which appears uniform. The ECA of the Vulcan XC72-R 
supported catalyst reached a fully steady state within 25 cycles and then gradually increased 
whereas the CRC shows no activation upon cycling. During the first 100 cycles, electrodes are 
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typically being wetted and once this is complete a steady CV is observed. One indicator of 
wetting is the capacitive double layer. There is almost no change in the CDL, geo between 100 and 
500 cycles (∆Cdl = -0.4 mF/cm2) indicating that complete wetting has occurred. The small 
cathodic current hump superimposed on the wide Pt-O reduction around 0.6 V in the CVs for 
both Vulcan and CRC, is generally attributed to redox of the oxygen-containing functional group 
hydroquinone–quinone (HQ–Q) [204,301,302]. These oxygen bearing functional groups are 
produced on the carbon surface during carbon synthesis. 
The active Pt surface area of the Pt/Vulcan produced by RSDT is 68 m2/gPt after 25 cycles 
and then rises to 80 m2/gPt before tapering off. These values match well with published data that 
ranges from 65-72 m2/gPt on 20% Pt/Vulcan [303] to 31-42 m2/gPt using 40-46% Pt/Vulcan 
[182,303]. The exact Pt/Vulcan wt.% of the RSDT produced samples can only be back-
calculated using the ICP determined Pt loading, the final electrode mass and the ratio of the “as-
mixed” Vulcan and Nafion. The wt.% is estimated to be around 50. When accounting for the 
higher Pt/C ratio, the ECA observed on vapor deposited supports is remarkable. Depositing from 
the vapor phase circumvents the particle growth that can plague Pt attachment onto supports, 
especially at high loadings, in the liquid phases. The active Pt surface area of the RSDT 
Pt/Vulcan is stable after 500 cycles with an average loss of only 10% at 500 cycles compared to 
the 30% loss observed by Merzougui et al. [182]. The rate of ECA loss is -0.017 m2/gPt-cycle. 
The active Pt surface area of the Pt/CRC produced by RSDT is very low at ~10 m2/gPt and 
this is in contrast to values of 77-85 m2/gPt reported by Yano et al. using a commercial (i.e., 
TEC10EA50E, Tanaka Kikinzoku Kogyo) graphitized carbon support and one synthesized on 
the same support using their nanocapsule method [188]. The poor ECA contradicts the TEM 
images of well dispersed Pt coverage observed in Figures 6.7 and 6.8. The rate of ECA loss is -
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0.0059 m2/gPt-cycle representing a lower rate compared to Vulcan in absolute terms but 
proportionally this equates to over 13% loss between 300 and 500 cycles. Primary particles of 
amorphous carbon (e.g., carbon black or furnace black) consist of an amorphous core with 
several graphene-like layers on the outer layers of the particle; acetylene blacks have even more 
graphitic character in their outer crust [304]. Corrosion is thought to start from the amorphous 
core toward the shell-like graphene layers. Yu et al. noted that the carbon corrosion rate of 
conventional carbon decreases and approaches the carbon corrosion rate of graphitized carbon 
after more than 20 % of total carbon weight loss; this corresponds closely to the border between 
the amorphous carbon and graphene-like layers if 2/3 of the shell is graphene-like [305]. They 
also observed that the carbon corrosion rate of a conventional carbon MEA decreased with time 
while the carbon corrosion rate of the graphitized carbon MEA remained nearly constant. Due to 
the relatively short number of cycles examined this trend is not observed; all three supports 
appear to degrade at a constant rate over time. 
TinO2n-1 is an electrochemically inert material in the range of potentials relevant to fuel cell 
operation (i.e., 0.0– 1.2 V). For example Vračar et al. [306] demonstrated that TinO2n-1 does not 
show any significant peaks during CV cycling, in perchloric acid, which would indicate the 
presence of oxidative–reductive processes. Smith et al. demonstrate large overpotentials for both 
hydrogen and oxygen evolution in sulfuric acid [199] while Li et al. [307] demonstrate CV 
stability in basic KOH solutions indicating the attractiveness of TinO2n-1 as a stable support in a 
wide range of electrolytes. In relation to both the CRC and Vulcan deposited samples, the 
overpotential for H2 evolution after 500 cycles is lower by about 50 mV (Figure 6.12B). 
However the Pt deposited TinO2n-1 sample exhibits a 3.5X increase in hydrogen evolution current 
between 100 and 500 cycles. This effect can again be attributed to the wetting of the electrode.  
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In order to achieve electroneutral conditions in the non-stoichiometric TiO2−x there is 
formation of both Ti3+ and oxygen vacancies. Water molecules can be easily incorporated at an 
oxygen-vacancy-containing surface and the wettability of the surface increases [308]. The ECA 
continuously increases up to a maximum of 26.5 m2/gPt and then the rate of ECA loss reaches a 
steady -0.0087 m2/gPt-cycle. This active surface area is similar to the value found by Vračar et al. 
of 36 m2/gPt using a conventional impregnation method in 2-propanol with diammine 
dinitritoplatinum(II) Pt(NH3)2(NO2)2. The ECAs of Pt on the TinO2n-1 surfaces are exceptional in 
light of their lack of porosity compared to carbon. The TinO2n-1 used in their analysis was also 
ball milled, prior to Pt attachment and the BET N2 adsorption surface analysis gave a surface 
area SBET = 1.6 m2/g [306]. Vračar et al. have data that are significantly lower than the SBET of 
11.9 m2/g
 
measured in this study. The capacitive double layer is another indicator of support 
surface area and accounting for the differences in scan rates (i.e., 50 versus 20 mV/s) between 
the two studies the CDL.geo are in good agreement 6.4 mF/cm2 for Vračar et al. versus 5.6 mF/cm2 
in this study. 
6.3.5 Oxygen Reduction Reaction 
The use of the RDE method for evaluation of the intrinsic activity of the catalyst prior to 
incorporation into a practical electrode is beneficial for catalyst screening since the effects of 
catalyst utilization and mass-transfer rates cannot be easily decoupled in a MEA. Proper 
evaluation of the intrinsic electrocatalytic activity of high-surface-area catalysts is often obscured 
by mass-transport resistances and incomplete wetting of the electrode structure. Due to the 
complex structure of a porous gas electrode, it is not easy to separate the kinetic limitation from 
the overall limitation in the MEA. In order to avoid or reduce these problems, Gloaguen et al. 
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[309] in 1994 applied RDE measurements to the Pt on Vulcan XC-72 and Nafion® system. 
Mass-transport properties are well understood in the RDE configuration and the catalyst was 
applied from an ink onto a glassy carbon substrate and dried. RDE measurements are now very 
common for determining the relative activity of catalysts and work by Gasteiger et al. [303] has 
proven crucial for benchmarking catalyst performance. However, direct comparisons of absolute 
activities between different groups due to the use of different sweep rates, use of the anodic 
versus the cathodic currents or iR correction may times limit the utility of the technique to 
relative comparisons [310]. This work uses the conditions described by Gateiger et al. as the 
basis for the RDE measurements: 5 mV/s scan rate, cathodic scans, 1600 rpm rotation rate, non-
iR corrected in 0.1 M HClO4 [303]. Differences in the approach, which should be noted, are that 
in Gasteiger et al. used an electrolyte temperature of 60 °C and the method of electrode 
placement on the glassy carbon. The RSDT electrode is applied directly to the glassy carbon 
substrate (as a film) in exactly the same manner used to build a catalyst layer for a MEA. 
Normally RDE films are formed by dispensing an ink of the catalyst onto a conducting substrate, 
and then drying. Therefore the electrochemical evaluation, as approached in this work, is more 
representative of an electrode using the actual processing encountered when building a MEA. 
The theory developed for the RDE assumes a flat disc and electrode centered on the axis of 
rotation. Therefore, in thin-film RDE measurements the glassy carbon substrate must be 
uniformly covered by active material to avoid a complex current response that depends on the 
distribution of the catalyst on the electrode and hinders mathematical treatment. Difficulty in 
attaining a smooth uniform layer using the standard drop, dry and Nafion® impregnation 
methodology is often encountered with this approach leading to wide performance variations 
[311].  
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Figure 6.14A shows the non IR-corrected faradaic oxygen reduction currents for the anodic 
return scans at sweep rates of 5 mV/s in O2 saturated 0.1 M HClO4 after the electrodes were 
subjected to 500 stability cycles. Tafel type plots based on the kinetic current density (ik) using 
an iR corrected voltage are shown in Figures 6.14 B–D. The uncompensated ohmic electrolyte 
resistance, as measured via high frequency ac impedance, in O2-saturated 0.1 M HClO4 was 
determined to be was 30 Ω.  
As previously seen in the literature all three samples exhibit a single and then double Tafel 
slope. For oxygen reduction on Pt the expected slopes at higher current densities should be close 
to -2.3*2RT/F (i.e., -118 mV/dec), where R is the universal gas constant, T the temperature and 
F is Faraday’s constant. At lower current densities the slope is approximately -2.3RT/F (i.e., -59 
mV/dec). The existence of two slopes is due to coverage of the electrode surface by adsorbed 
oxygen species. The coverage follows a Temkin isotherm in the low current density region and a 
Langmuir isotherm in the higher current density region [312,313]. At a high potential (i.e., low 
absolute value of overpotential) and a high surface coverage (by adsorbed oxygenated 
intermediate species) the main adsorbed intermediate species in quasi equilibrium are Oads, OHads 
and O2Hads and their surface concentrations vary linearly with potential and pH according to the 
Temkin isotherm [312,313]. At a low potential (i.e., high absolute value of overpotential) and a 
low coverage, the Tafel slope is -120 mV per decade, the reaction is first order with respect to H+ 
activity, and the surface concentrations of adsorbed intermediate species vary according to a 
Langmuir isotherm. The Tafel slopes for the mass transport corrected current densities were 
obtained from positive (anodic) voltage sweeps while using a RDE rotational rate of 1600 rpm. 
The Tafel slope is continuously changing in the potential range examined but it is common 
practice to fit the experimental data to two Tafel slope regions (at both low and high 
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overpotential) to facilitate comparison with literature data [314]. The calculated Tafel slopes and 
exchange current densities are tabulated in Table 6.6.  
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Table 6.6: Tafel slope and exchange current densities as a function of support 
  Tafel slope, b 
(V/dec), 0.8-0.9 V 
exchange current 
density io (A/cm2), 
0.8-0.9 V 
Tafel slope, b 
(V/dec), 
<0.8 V 
exchange current 
density io 
(A/cm2), <0.8 V 
Corrosion 
Resistant 
Carbon  
-0.0653 3.5463E-09 -0.1421 1.18E-05 
TinO2n-1  -0.0711 3.1983E-09 -0.1357 2.59E-06 
Amorphous 
Carbon  
-0.0671 1.6391E-08 -0.1071 4.12E-06 
Two Tafel regions were used in calculating the slopes using a voltage range of 0.9-0.8 V 
and then a higher current density region consisting of a voltage range 0.8-0.6 V. A value for the 
exchange current densities, io, may be obtained by extrapolation of the Tafel line to the 
equilibrium potential, Eeq, for the O2 reduction (1.23 V vs. RHE). The exchange current densities 
lie in the 0.3-1.6*10-8A/cm2 range and are consistent with literature values on bulk Pt [315,316]. 
Since the values for the exchange current density are determined by extrapolation over several 
orders of magnitude care must be taken in their interpretation. In the low current density region 
the Tafel slopes for the carbon based supports are close to the expected -59 mV/dec whereas the 
TinO2n-1 has a slightly higher slope. The Tafel slopes in the higher current density regions (<0.8 
V) are slightly higher than the expected 120 mV/dec except for the Vulcan XC-72R support 
which has a slightly lower slope of -107 mV/dec. 
The relative proportion of Pt (hkl) faces expressed and the proportion of very small (< 1 
nm) nanoparticles produced by the RSDT process do not seem to affect the Tafel slope. The 
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RSDT produced Pt has a slightly higher (2 0 0) texturing and a substantially higher (2 2 0) 
texturing compared to a 50 wt. % Pt reference (TEC10E50E, Tanaka Kikinzoku Kogyo). The 
size difference is evident in Figure 6.8 using the STEM imaging mode whereby the Z-contrast 
reduces interference from the Cu grid backing film. Figures 6.3–6.7 reveal that there is a sizeable 
portion of particles with an average particle size of ~2 nm. However, bright field mode obscures 
the smallest particles which have a substantial number count according to Figure 6.8. Markovic 
et al. found, on extended planar surfaces in perchloric acid, that oxygen reduction was sensitive 
to the crystallographic orientation of the platinum electrode surface and that using the activity for 
oxygen reduction, from the half-wave potential, the activity decreases in the sequence (110) > 
(111) > (100) [317]. They found that reaction proceeds on all well-ordered low index planes with 
the exchange of four electrons per O2 molecule and that Tafel slopes of −120 mV/decade at high 
current densities and −60 mV/decade at low current densities were found for all three planes at 
room temperature. 
A lower sweep rate of 5 mV/s, versus 20 mV/s, was chosen due to the reduced interference 
from capacitive currents (<4% at 0.9 V). It should be noted that lower activities (i.e., a 10–15 
mV negative potential shift) relative to values obtained using a sweep rate of 20 mV/s have been 
observed by Gasteiger et al. [303]. Part of this lower activity, at 5 mV/s, is most likely due to the 
hysteresis in the adsorption of oxygen containing species on Pt (often referred to as OHads) and 
the species negative impact on O2-reduction activity. Gasteiger et al. observed that when the 
potential was swept to more positive limits, the current in the reversed sweep increases below 
100 mV, indicating that OH adsorption on nanoparticles occurs over a wide potential region and 
the corresponding reduction requires a very low potential. This behavior highlights the 
dependence of the ORR polarization curve on the sweep rate. 
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Figure 6.16 highlights the differences in ORR activity pre and post stability cycling and the 
hysteresis present in the electrodes. The ORR activity in the negative sweep direction (i.e., 
cathodic) is always lower than in the positive sweep direction (i.e., anodic) for potentials positive 
of 0.7 V, equivalent to a potential shift of 20 to 30 mV [314]. This hysteresis effect has been 
explained by Gottesfeld et al. [318] as resulting from the surface oxide formation/reduction in 
combination with the lower ORR activity in the presence of Pt surface oxides. It is worth noting 
that the observed shifts for the Pt deposited Vulcan and TinO2n-1 supports are close to 48 and 52 
mV respectively prior to stability testing. The hysteresis shift reduces to 32 mV for Vulcan and 
36 mV for TinO2n-1 after stability cycling resulting in an approximate decrease in hysteresis of 16 
mV for both. The final shifts
 
agree with literature values obtained by Paulus et al. [314]. In stark 
contrast is the completely unchanged 40 mV hysteresis for the CRC support. These results would 
seem to indicate a difference in the oxide coverage of the Pt catalyst on CRC and an electrode 
invariant to surface changes due to cycling. 
For a more detailed comparison of the ORR activity of the catalyst with polycrystalline and 
single crystal Pt electrodes and, particularly, with fuel cell data, the catalyst utilization has to be 
considered and the ORR activity must be normalized to the electrochemically active surface area 
(i.e., the real surface area in mA/cm2real). A comparison of the performance characteristics with 
each supported catalyst are displayed in Table 6.7 and the mass activity before and after cycling 
is shown in Figure 6.16. 
 Figure 6.16: Mass activity toward oxygen reduction as a function of pre and post stability testing 
using CRC; TinO2n-1; and Vulcan XC
There are several possible explanations for the reduced mass and specific activity on the 
Vulcan XC-72R based support compared to previous data obtained using an RSDT process by 
Roller et al. [294]. The differences are as follows: 
Ketjen black versus Vulcan XC-
used as a binder in the electrode formulation, 0.5
difference in Pt loading (5-8 µg/cm
differences in carbon surface area, a comparison of the mass activity and specific activity versus 
the use of a low-surface-area carbon (
TKK) in work by Gasteiger et al. indicate very little difference in performance
Table 6.7.  
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-72R. 
i) use of a high-surface-area 
72R in this study, ii) the difference in I/C content of Nafion® 
-0.94 versus 0.01-0.15 in this study, and 
2
Pt compared to 29-39 µg/cm2Pt in this study). Regarding the 
i.e., Vulcan XC-72R) and a high-surface-
 [30
 
carbon EC-300 J 
iii) the 
area carbon (i.e., 
3] as shown in 
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Table 6.7: Summary of electrode formulations compared to previous data from Roller et al. 
[294] and Gasteiger et al. [303] 
  
Pt/C 
ratio 
Pt   support   binder   binder / 
Apt, cat 
(m2/gPt) 
im(0.9 V) 5 
mV/s 
(A/mgPt) 
is(0.9 V) 5 mV/s 
(mA/cm2Pt) Catalyst support type loading wt. % wt. % support 
  (mg/cm2) in slurry in slurry ratio 
Graphitized corrosion 
resistant carbon  0.5 34 0.00171 0.026 0.153  7-10 
0.01 - 
0.018 201.3 
Ceramic Magneli phases 
of TinO2n-1 
0.025 39 0.03415 0.038 0.011 25-28 0.01-0.02 57.0 
Vulcan XC-72R 0.5 29 0.00166 0.026 0.156 70-82 0.04-0.055 51.4 
Roller et al. [13]                 
Pt (RSDT applied) NA 4.9 NA NA NA 91.5 0.201 220 
EC 300J Ketjan Black 0.18 6.1 
 
 
 
 
0.0013-
0.0008 
 
 
 
 
0.00066-
0.0012 
0.540 101.1 0.143 152 
EC 300J Ketjan Black 0.26 8.4 0.790 119.6 0.093 78 
EC 300J Ketjan Black 0.3 7.7 0.780 73.6 0.076 103 
EC 300J Ketjan Black 0.25 7.2 0.810 81.1 0.111 137 
EC 300J Ketjan Black 0.16 6.7 0.940 106 0.111 105 
Gasteiger et al. [303]                 
Pt-black (HiSpec 1000, 
JM) NA 43.5 
0.021-
0.069* 
0.014-
0.016* 
0.22-
0.68* 
5.9 0.042 720 
Pt-black (HiSpec 1000, 
JM) NA 43.5 4.9 0.03 620 
40% Pt/Vu (ETEK) 0.4 13.7 36 0.069 190 
40% Pt/Vu (ETEK) 0.4 13.7 31 0.062 200 
20% Pt/Vu (ETEK) 0.2 14.3 72 0.16 230 
20% Pt/Vu (ETEK) 0.2 14.3 65 0.13 200 
45.9% Pt/HSC-E (TKK) 0.459 12.7 82 0.16 190 
45.9% Pt/HSC-E (TKK) 0.459 12.7 78 0.16 210 
45.9% Pt/HSC-E (TKK) 0.459 16.2 79 0.17 220 
27% Pt/Ketjaen (in-
house) 0.27 16.1 120 0.18 150 
20% Pt/Vu (ETEK) 0.2 14 66 0.16 210 
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A bigger difference is driven by the Pt wt.% on the low-surface-area carbon whereby an 
increase from 20 to 40 wt.% Pt values results in a 45% lower mass activity. Since the 
corresponding specific activity is unchanged a difference in particle size is suspected. The mass 
activity is 160-180 mA/mgPt on TKK and 130-160 mA/mgPt on Vulcan XC-72R supports 
whereas the specific activity is 150-220 µA/cm2Pt on TKK and 190-230 µA/cm2Pt on Vulcan XC-
72R. Comparing the values of 40 mA/mgPt and 51 µA/cm2Pt found in this work it is clear that a 
diminished mass activity and poor utilization requires a more systematic study. Future work will 
examine the interplay between Pt, support and ionomer ratios and their effects on mass activity. 
In regards to the differences in I/C ratio, the Nafion® should only function as a binder with 
higher content imparting additional mass transport resistance that must be taken into account 
[319]. Since this study used a reduced Nafion® content relative to the carbon (even when taking 
into account the differences in the surface areas of the two different carbon types), it is unclear 
how a reduction could account for the differences in performance. Finally, the loading values 
appear to represent another important difference between the two studies. As noted by Mayrhofer 
et al. [320] a catalyst loading that is too high as well as one that is too low must be avoided. The 
optimum loading may differ considerably and should be determined for each catalyst and support 
type combination; the optimal value depends on the catalyst dispersion on the support surface 
and the particle size. 
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6.4 Conclusions 
Pt was deposited onto three different support materials in the vapor phase using the RSDT 
process. The following observations highlight the important findings in this study: 
1) Pt is assembled onto supports as dispersed and isolated centers roughly spherical in 
shape. The density and size distribution of the attached Pt is uniform and appears 
invariant to the support. The grids used for collection also contain Pt particles of the same 
size and distribution indicating that the Pt nucleation is not taking place directly onto the 
support. The use of supports with more acidic/basic groups would further strengthen this 
hypothesis. 
2) The average particle size is 2-2.5 nm when considering size in bright field mode, 
however STEM imaging mode reveals a large number count of particles < 1nm.  
3) The Pt is being deposited as a crystalline particle as evidenced by the crystallographic 
dependence of the adsorption/desorption of H+, X-ray diffraction, and electron 
diffraction. The support strongly affects the redox potentials for H+ 
adsorption/desorption.  
4) All supported Pt catalysts show activity for ORR however the ½ wave potentials are 
lower than state-of-the-art. We hypothesize that different electrode preparation on the 
glassy carbon RDE, a number of very small particles <1 nm, and residual organic 
residues from the process are factors influencing this discrepancy. 
5) The supported Vulcan XC-72 and TinO2n-1 show increasing ECSA up to about 300 cycles 
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and then lose approximately 10% by cycle 500. The ECSA values for the Vulcan XC-
72R support are exceptional for 50 wt. % Pt while the TinO2n-1 values agree well with 
literature. The CRC exhibits continual loss in ECSA which accounts for 13% at 500 
cycles.  
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SECTION III:  
Synthesis of Catalysts for  
Water Electrolysis  
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CHAPTER 7:  
The Oxidation of Water Using  
Bimetallic Oxides of Ir, Ru, and Pt 
The purpose of this work was to study the formation of bimetallic catalysts for O2 evolution 
using a dry, flame process. In addition, the mechanism of film growth is explored as a function 
of deposition time. IrxPt1-xO2-y and IrxRu1-xO2-y were both deposited from the vapor phase, as thin 
films, onto substrates of glassy carbon, polypropylene, and quartz. An exceptional oxygen 
evolution current of 25-40 mA/cm2
 
was observed for the Ru0.41Ir0.59O2-y sample corresponding to 
a normalized mass activity of 400 mA/mg. 
The work presented in this chapter was presented in session I4 Electrocatalysis Applied to 
Fuel Cells and Electrolyzers at the Spring 2012 Electrochemical Society meeting in Seattle, WA. 
The work is published in the Journal of the Electrochemical Society [90].  
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7.1 Experimental 
7.1.1 Precursor Preparation 
Two different oxides; IrxRu1-xO2-y for electrolysis and IrxPt1-xO2-y for oxygen reduction/evolution; 
were prepared by dissolving either a i) 50:50 molar ratio of the metal organic solutes, Ru(III)-
acetylacetonate, and Ir (III)-acetylacetonate or ii) a 50:50 platinum 2,4-pentanedionate and Ir 
(III)-acetylacetonate (Colonial Metals Inc.) into xylenes (Aldrich, ACS reagent ≥98.5%). The 
decomposition profile of Ir-acac and Ru-acac were studied by TGA in air at a rate of 5oC/min up 
to 550oC (TA Instruments, TGA-Q500). The solution was placed in a custom-made pressure 
vessel using a sanitary tee sight glass assembly with stainless cap plates (JCD54, Swagelok). The 
vessel was then capped; sealing was ensured by using a high pressure clamp torqued to 25 ft-lbs. 
Propane (Airgas, Industrial Grade) was added until a mass ratio of 15 wt.% was obtained. The 
addition of propane brought the final metal concentrations to 1.4 mM each (i.e., 2.8 mM 
combined).  
7.1.2 Reactive Spray Deposition Technology System  
During deposition, the precursor solution was then pumped at a volumetric flow rate of 4 
mL/min by an Isco 500D (Teledyne Isco, Lincoln NE) syringe pump through a custom-built 
atomizing nozzle. This flow rate was chosen to ensure adequate fuel atomization that matches 
the available power input, pressure drop through the nozzle, and flow capacity of the oxidant 
while ensuring no precursor is found on the substrates. The nozzle consists of three stages, 
heating, atomizing/mixing, and combustion, as revealed in Figure 7.1. 
 
 Figure 7.1: RSDT nozzle showing the a) injection geometry of the fuel/solvent, oxidant, and 
pilot gases and b) the three zones: heating, atomization/mixing, and combustion.
The heating stage consists of a 316 stainless steel tube (Cadence Science, Cranston RI) that 
has an outer diameter of 0.159 cm is 10 cm in length, and has an inner diameter of 0.25
Soldered to the end of the tube was a 21
an inner diameter of 100-200 µ
pressure drop just prior to exit into the atomizing/mixing zone. The tube was heated by an 
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-32 gauge hypodermic insert with a length of 1.8 cm and 
m. The hypodermic insert acted as a restrictor to induce a fast 
 
 
 
-1 mm. 
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EasyHeat 0112 (Ameritherm, Scottsville, NY) power supply using a custom coil. The control 
point for monitoring the process temperature was located 9.9 cm from the entry of the tube. 
Precursor solution was continuously passed through the heating stage at a flow rate 4 mL/min. 
The hypodermic insert was surrounded by a ∅ 0.38 cm concentric channel for supplying oxygen 
as the fuel oxidant. The hypodermic insert was centered in the channel by a guide to maintain a 
centered position. Both insert and channel emptied their contents, using a co-flow geometry, into 
the open atmosphere. The precursor mixture exited the hypodermic insert housed in the body of 
the nozzle as a fine spray. The atomization of the precursor solution, generated by this nozzle, 
was formed by a combination of pressure, heat from the induction system, and supercritical 
atomization due to the expansion of the liquefied propane above its critical temperature of 
96.6°C. The combined action of these energy inputs forms droplets less than 1µm in diameter. In 
the atomizing/mixing stage, the oxygen and the fuel droplets (i.e., xylene-propane mixture) are 
turbulently mixed prior to ignition. This mixing, prior to ignition, classifies this type of 
combustion as a premixed flame; the conical shape of the flame tip denotes that the flame speed 
(i.e., rate of expansion of the flame front) is controlled by the fuel-oxidant flow and not the 
reaction chemistry. The length of the atomizing/mixing zone is 0.20-0.38 cm. The final stage of 
the nozzle was the ignition zone. This portion consists of six circular ports having a ∅ 0.05 cm 
and angled at 45° to the centerline of the hypodermic needle. The six ports were evenly spaced 
on a 0.32-0.64 cm radius around the hypodermic insert. These ports supply a premixed methane 
and oxygen stream that was ignited to stabilize the high exit-velocity jet-flame formed by the 
custom nozzle. 
After the ignition zone a circular air-quench (Exair, Cincinnati, OH), located 5-10 cm from 
the end of the hypodermic insert, was centered axially on the flame. The purpose of the air-
 192
quench was to dilute, with air at 25°C, the combustion zone and thus rapidly cool the flame zone. 
This has two distinct functions: it stops the particle growth and it allows a wider range of 
substrate materials to be positioned at lower stand-off distances. After passing through the 
quench, the luminosity of the flame is greatly diminished. The product stream consists of 
nanoparticles and aggregates that then impinge directly onto substrate(s) located at stand-off 
distances between 15-20 cm. 
A custom made holder, shown in Figure 7.3C, was fabricated to simultaneously position 
three glassy carbon or gold rotating disk electrodes (RDE) (ACE6DC050GC and 
ACE6DC050AU, Pine Instruments) for direct application of a film without any binder. The 
electrode diameter is 0.5 cm creating an active area of 0.196 cm2. The electrodes were placed 
into a polytetrafluoroethylene (PTFE) “U-cup” (AKUCUP, Pine Instruments) and pressed into 
the holder to prevent any deposition on the sides of the electrode, see Figure 7.3A. Another 
custom holder was also fabricated to affix: a polypropylene coupon, for elemental analysis by 
inductively coupled plasma optical emission spectroscopy ICP-OES; a ∅ 2.54 cm quartz disk cut 
6° from (0001) (Gem Dugout, State College PA), for phase identification by X-ray diffraction; 
and either an aluminum SEM pin stub specimen mount (16111, Ted Pella, Inc.) or a 6.45 cm2 
square by 2 mm thick glassy (vitreous) carbon plate for electron imaging. A third holder, to 
allow for fast removal of Cu grids during a deposition, held meshed grids coated with either; 
ultrathin carbon (<3nm) on a holey carbon support film (300 mesh) or lacey formvar stabilized 
with carbon (200 mesh) (Ted Pella, 01824 and 01881). Representative images of films grown on 
both glassy carbon and quartz are shown in Figure 7.2.  
 
 Figure 7.2: IrxRu1-xO2-y deposited directly onto 
quartz substrate, and C) TEM grid holder with glassy carbon and masked polypropylene 
substrate blocks.  
7.1.3 Structural, Elemental Composition 
Bulk elemental analysis of the deposited films was determined by inductively coupled plasma 
optical emission spectroscopy (ICP
film growth, samples were prepared by punching out a 
thick polypropylene sheet and digesting under reflux in an aqua regia solution according to EPA 
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A) glassy carbon rotating disk electrode, 
and Morphology Analysis  
-OES) using a Perkin Elmer Optima 7300DV ICP
∅ 0.953 cm coupon from a 0.051 mm 
 
B) 
-OES. After 
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method 6020A. The structure of the Ir(C5H7O2)3 and Ru(C5H7O2)3 precursor materials and the 
deposited films was probed by a Bruker D8 Advance X-ray diffractometer configured with: a ∅ 
250 mm goniometer in Bragg-Brentano geometry; a Cu Kα (1.541 Å) source; and a compound 
silicon strip 1-dimensional LynxEye detector.  
SEM images were captured using a FEI Quanta 250 FEG with a field emission source and 
imaged using a Everhart-Thornley SE (secondary electron) detector with an electron accelerating 
voltage of 20 kV and a sample height of 10 mm. X-ray energy dispersive spectroscopy (XEDS) 
was performed using an electron accelerating voltage of 10 kV and a working distance of 10 
mm. The surface chemistry of the sample was examined on a PHI Multiprobe using a Mg Kα X-
ray source. All binding energies were calibrated by placing the graphite C1s line at 284.6 eV. 
The XPS electron energy plot of the Ir and Ru peaks was fit by constraining the full-width at 
half-maximum (FWHM) of each photoelectric emission line to 2 eV; a value determined by the 
diameter of the analyzer, the pass energy and the spread of energies in the X-ray source. The 
fitting parameters were also set so that the ratio of the electron emissions between the doublet 
states of the core f level orbitals was set to 4:3. This ratio is derived from photoemissions having  
symmetries, defined by f orbitals, that define an angular momentum equal to three (l = 3) thus 
yielding a multiplicity ratio of (2(l - ½) + 1) : (2(l + ½) + 1) which equals 4:3 (i.e., the ratio of the 
f7/2 and f5/2 doublet was fixed to 4:3).  
Early-stage growth of the forming films (deposition time < 6 minutes) was examined to 
determine the particle shape, distribution, and size as they populated the TEM grid surface. A 
series of electron micrographs were collected with: a JEOL 2010 FasTEM (a field emission 
JEOL 2010 TEM operating at 200 kV), and an aberration-corrected Hitachi HD2700C S/TEM. 
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The grids, placed at an equivalent stand-off distance to the electrodes, were removed at 90 and 
240 seconds. Film formation from impinging nanoparticles is ideally suited to study using the 
TEM because, in the early stages of growth, the films are thin enough so as to be transparent to 
electrons. Additionally, the Cu grids do not require additional sample preparation [287].  
7.1.4 Electrochemical Determination 
All electrochemical measurements were performed in a three-electrode, single-compartment 
half-cell using a reversible hydrogen electrode (RHE) (ET071 Hydroflex, eDAQ) as the 
reference electrode. A Pt wire (0.5 mm OD x 152 mm L, 99.95%) in a fritted tube was used as 
the counter electrode (AFCTR5, Pine Instruments). All potentials reported in this paper are 
relative to a RHE immersed in 0.5 M H2SO4 at 25°C. The sulfuric acid choice was based on 
approximating the conditions an electrode experiences when bonded to Nafion. Cyclic 
voltammetry was performed using a potentiostat, controlled with Nova software (Metrohm, 
PGSTAT101). Rotating disc voltammetry was performed using an ASR rotator (AFMSRCE, 
Pine Instruments). The whole 125 mL half-cell (AKCELL3, Pine Instruments) was surrounded 
by a water jacketed sheath with the water temperature thermostated to 25°C (Isotemp 3016D, 
Fisher). 
7.2 Results and Discussion 
7.2.1 Precursor Decomposition 
The Ir and Ru acetylacetonate precursors decomposed completely, see Figure 7.3, at 326°C and 
316°C respectively, in the TGA. As a point of reference, non-premixed combustion of toluene 
 and oxygen reaches temperatures above 1500
material exists in an oxy-toluene flame
Figure 7.3: Decomposition profile for 
acetylacetonate (5.69 mg) heated in air at a rate of 5
196
oC; ample energy to decompose the precursor 
 [321].  
A) Ir (III)-acetylacetonate (13.41 mg) and B
°C/min to 550°C. 
 
 
) Ru(III)-
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The RSDT combustion system uses a pre-mixed jet-flame with pure oxygen. The benefits 
of this configuration over conventional air-fired combustion results in increased temperature, 
better thermal efficiency, reduced pollutant emissions, and improved flame stability [322]. 
However, the costs associated with use of pure oxygen can be prohibitive. Recent advances in 
air-separation technology, rising fuel prices, stricter government emissions standards, and the 
need to reduce atmospheric carbon dioxide (CO2) emissions may extend the window of 
economic viability for oxygen enhanced combustion.  
7.2.2 X-ray Diffraction (XRD) 
The C17H24O4Ir was indexed to a monoclinic lattice space group P21/c (JCPDS 23-1711) with 
major peaks occurring due to the (0 0 2) and (1 0 2) planes at 8.23 Å and 6.68 Å respectively, 
shown in Figure 7.4. Likewise the C17H24O4Ru precursor shows similar reflections at low 
2θ (larger planar spacing). The desired RuO2 and IrO2 phases do not show any reflections below 
28o 2θ; this serves as a good quality control check to ensure no bulk precursor is in the final film. 
For trace analysis of acetylacetonate moieties, in the deposited film, TD GC/MS (thermal 
desorption gas chromatography/mass spectroscopy) has proven useful in past studies [323]. 
 Figure 7.4: Indexed diffraction intensities for Ruthenium (III) 2,4 pentanedionate and Iridium(III) 
2,4, pentanedionate, as used in this study.
Ruthenium and iridium oxide both adopt a tetragonal lattice with space group P42/mnm and 
major reflections occurring due to
(JCPDS 43-1027 and 86-0330). 
1686) having primary reflections at 40.76
reflections correspond to the (1 1 1) and (2 0 0) planes. Metallic Ru forms a hexagonal lattice 
with space group P63/mmc (JCPDS 06
deposited films; presumably the diffraction was attenuated due to a combination of th
thickness, porosity, and the nanocrystalline domain size of the oxides. The temperature of the 
coated quartz substrate was then ramped to 800
heating was employed to examine the resultant film propertie
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 the (1 1 0) planes at ~28o 2θ  and (1 0 1) planes ~35
 Metallic Ir adopts a face centered cubic lattice (JCPDS 65
o
 2θ (d = 2.211 Å) and 47.421o (d = 1.196 
-0663). Initially no diffraction was observed on the as
oC in a tube furnace and held for 4 hours; the 
s. The post heating diffraction 
 
o
 2θ 
-
Å); these 
-
e film: 
 intensities, Figure 7.5, indicate that the majority of the reflections are due to IrO
combination of IrxRu1-xO2-y. Ru metal is also present to a lesser extent having reflections at 
 44.007 o 2θ (d = 2.056 Å) and 38.388
planes. Quantification of the ratios by diffraction was not possible due to a lack of suitable 
standards. No evidence of Ir metal or precursor is present in the diffraction pattern. 
 
Figure 7.5: IrxRu1-xO2-y bulk diffraction intensities after 4 hours heat treatment at 800
radiation (λ = 1.54 A). 
The desired BOE IrxPt1-xO2
absent. Examination of the diffraction intensi
indexed to the tetragonal IrO2 (JCPDS 86
04-0802), are present. This indicates that a sizeable portion of the platinum was not incorporated 
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 (d = 2.343 Å) corresponding to the (1 0 1) and (1 0 0) 
-y adopts a rutile type structure; metallic Ir and Pt should be 
ties, Figure 7.6, indicates that two distinct phases, 
-0330) and face centered cubic platinum metal (JCPDS 
2, RuO2, or a 
 
 
oC, Cu 
 into the crystal structure of the desired Ir
rutile lattice of the IrO2 show a phase transformation to cubic around Ir:Pt 50/50 mole ratio; a 
corresponding unit cell volume increase occurs with expansion alon
4.137 Å [268].  
Figure 7.6: IrxPt1-xO2-y bulk diffraction intensities after 4 hours heat treatment at 800
radiation (λ = 1.54 A). 
The boiling point (b.p.) and melting point (m.p.), of each metallic species, suggests a 
for the reduced incorporation of Pt into the IrO
3827°C. Among the transition metals these physical properties are high; however, they are 
significantly lower than Ir (m.p. 2447
Crystallization of the Pt vapors occurs prior to the crystallization
forming IrO2. Pt oxidation is negligible, hence the lack of PtO or PtO
The Pt continues to progress thro
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xPt1-xO2-y. Studies with various ratios of platinum in the 
g the c-axis from 3.160 to 
2 lattice. Pt has a m.p. of 1769
°C, b.p. 4427°C) or Ru (m.p. 2337°C, b.p. 4152
-oxidation sequence in the 
2 in the diffraction pattern. 
ugh the stages of particle formation: monomer, cluster, primary, 
 
oC, Cu 
reason 
°C and a b.p. of 
°C). 
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and finally nanoparticle at a faster rate than the forming IrO2. This does not preclude 
incorporation of some of the Pt into the IrO2 lattice but as the reaction proceeds down the length 
of the flame the concentration of available Pt is diminished. A similar argument explains the 
presence of minor amounts of Ru metal in the IrxRu1-xO2-y film; however, in this case the 
differences in m.p. and b.p are smaller (i.e., 110°C and 275°C respectively). 
7.2.3 Surface Analysis and Elemental Composition 
Bulk elemental analysis by ICP-OES suggests an Ir to Ru ratio of 59:41. This ratio is close to the 
50:50 nominal value calculated from the mixed precursors. The same elemental analysis for Ir to 
Pt was 56:44. A typical SEM micrograph of the as-deposited IrxRu1-xO2-y film (no thermal 
treatment) is depicted in Figure 7.7A, along with the corresponding XEDS plot. The micrograph 
shows that nucleation and growth of the film appears to have occurred uniformly across the 
quartz plate except for a few regions of faintly visible clustered growth. These island-growth 
regions have dimensions of several hundred nanometers. An area of the film, free of the clusters, 
is shown in Figure 7.7B. Film formation is much more uniform in coverage and exhibits an 
interconnected and interdigitated growth. Areas of clustered growth are noticeably absent in this 
region. The film has noticeably open pores which contribute to an open and non-tortuous 
pathway in the out-of-plane direction. The in-plane open pores, around the growth centers, 
follow a tortuous path. The XEDS plot shows the expected Ir characteristic X-ray Lα and Mα 
emission lines; 9.174 and 1.978 keV respectively. The corresponding Lα line for Ru is 
prominent at 2.558 keV. The large peak at 1.74 keV is due to the quartz substrate on which the 
film was grown.  
 
 Figure 7.7: A,B) SEM micrographs of Ir
A typical SEM micrograph of the as
in Figure 7.8A, along with the corresponding XEDS plot. The micrograph, in comparison to the 
IrxRu1-xO2-y film, exhibits a marked increase in the number of clustered growth centers and these 
clusters range in diameter from several hundred nanometers to several microns. Other prominent 
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xRu1-xO2-y film with C) corresponding XEDS plot.
-deposited IrxPt1-xO2-y film (no thermal treatment) is depicted 
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features of the micrograph are; steps and crevices spanning several microns; more areas that 
charge from exposure to the electron beam; and growth centers that are in various stages of 
coalescence. A major difference between the two films is the composition and morphology of the 
underlying substrate. The IrxRu1-xO2-y was grown on a smooth quartz disc while the IrxPt1-xO2-y 
film was grown on an Al SEM pin stub specimen mount. Electron imaging of the aluminum 
specimen mount (not shown) reveals scratches, ledges and crevices formed during fabrication; 
the specimen mount has a significant amount of surface morphology. The initial stages of film 
growth (e.g., adatom diffusion, island formation, and specific island morphology) are 
undoubtedly influenced by the underlying microstructure of the substrate leading to a difference 
in the developing morphology [324,325]. An alternative explanation is that the in-flight particle 
formation, of the IrxPt1-xO2-y, proceeded at a faster rate; the accelerated growth ultimately leads 
to larger particles that impact and stick to the substrate. These larger particles then act as growth 
centers that express themselves with column or dome shaped features on the micron scale. The 
XEDS plot shows the expected characteristic Ir Lα emission at 9.174 eV. However, 
discriminating between the characteristic Pt Mα (i.e., 2.048 eV) and Ir Mα (i.e., 1.978 eV) 
emission energies was not possible. The Pt Lα characteristic emission at 9.441 eV is very faint.  
  
 Figure 7.8: a) SEM micrograph of Ir
XEDS plot, 30 kV electron beam accelerating voltage
Segregation of Ir, at the film surface, has been reported in the 
[260]; the segregation was attributed to expansion, of the slightly larger Ir
204
 
 
xPt1-xO2-y film deposited on an Al stub and b) corresponding 
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literature using XPS studies
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better accommodated at the surface compared with the bulk. Evidence for segregation is 
suggested by the observation that the maximum deviation of the Ir/Ru ratio from bulk 
composition, by XPS analysis, falls in the same range as the maximum deviation from Vegard’s 
law. Although Hutchings et al. suggest that this is just as likely due to ruthenium possessing a 
higher oxidation potential leading to enrichment during crystal growth and consequently a 
surface deficiency. Kodintsev and Trassatti found a homogeneous depth distribution when the 
electrodes were prepared by multi-layer thermal decomposition of the prerequisite chlorides; the 
authors note that there was compositional variation in the near-surface layer and concede that it 
is difficult to rest on a reference standard since the sensitivity factors depend on oxygen content 
[326]. The oxygen content is known to vary sharply near the surface.  
XPS reveals, see Figure 7.9A and Table 7.1, that the Ir 4f7/2 and 4f5/2 photoemission 
doublet, arising from the IrxRu1-xO2-y film, is separated by 2.92 eV. Reference values for the Ir 
4f7/2 to Ir 4f5/2 binding energies are 60.6 eV and 63.55 eV; the doublet has spin-orbital separation 
energy of 2.95 eV [288]. The shape of the Ir 4f doublet photoelectron doublet emission suggests 
the existence of both Ir0 and Ir4+; the surface concentration appears enriched in metallic Ir since 
the oxide only accounts for 15% of the photoemission intensity. It is known that Ir metal forms a 
multilayer oxide; this layer arises during potentiodynamic cycling between water adsorption and 
onset of O2 evolution (i.e., start-stop conditions in electrolysis) and results in a progressive 
oxidation of an Ir film [327,328]. This film was not subjected to cycling and was analyzed as 
prepared. The presence of Ir0 at the surface is not congruent with the findings from the XRD 
data; the apparent contradiction can be explained by the length scale of the sampling technique. 
XRD probes the bulk sample whereas XPS is a very surface sensitive technique that is only 
sensitive to the top few surface layers.  
 Figure 7.9: XPS electron energy spectrum of 
the IrxRu1-xO2-y film deposited on a polypropylene substrate.
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Table 7.1: XPS data for deconvoluted Ir 4f peaks 
Name B.E. (eV) FWHM Area % Area 
Ir 4f 7/2 Ir 60.58 1.958 1880.16 49.07 
Ir 4f 5/2 63.63 2.019 1410.12 36.8 
Ir 4f7/2' IrO2 62.76 1.958 309.34 8.07 
Ir 4f5/2' 65.64 2.019 232.01 6.06 
  
Table 7.2: XPS data for deconvoluted Ru 3d and C 1s peaks 
Name B.E. (eV) FWHM Area % Area 
Ru 3d 5/2 283.7 1.851 122.06 15.96 
Ru 3d 3/2 288.16 2.044 81.42 10.64 
C1s 284.6 1.689 438.01 57.25 
C1s' 287.19 1.689 41.81 5.46 
C1s'' 286.04 1.689 81.74 10.68 
 
Unfortunately, the Ru 3d doublet photoemissions are in coincidence with carbonaceous 
residues on the sample (i.e., the C1s photoemission); this overlap obscures analysis as shown in 
Figure 7.9B and Table 7.2. Photoemissions arising from the elemental Ru 3d5/2 and 3d3/2 doublet 
have binding energies of 280.0 eV and 284.1 eV respectively; this gives rise to a peak energy 
separation of 4.1 eV [288]. The absence of peaks in this region, Figure 7.9B, suggests a 
relatively large shifting of the Ru to higher binding energies. The reference RuO2 binding energy 
of the 3d5/2 peak is 283.2 eV which is very close to the observed 283.7 eV peak in our sample. 
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The corresponding 3d3/2 peak is located at 288.16 eV corresponding to a spin-orbital splitting 
distance of 4.46 eV close to the literature expected value of 4.1 eV. These results suggest that Ru 
exists primarily in the oxidized Ru4+ state. Concerning the aforementioned distinction between Ir 
segregation mechanisms (i.e.,; strain relief versus enrichment during crystallization) it should be 
noted that
 
synthesis in this study was done rapidly and from a dry state which would minimize or 
eliminate diffusional effects that have longer time constants and favor a mechanism in which one 
component selectively crystalizes first. The Ir metal peaks are an order of magnitude higher than 
the RuO2 peaks and 6 times larger than the corresponding oxide suggesting a surface enriched in 
Ir metal.  
 The X-ray diffraction results for the IrxRu1-xO2-y film are in contrast to the XPS surface 
analysis which suggests the as-deposited sample is rich in Ir metal and lacks Ru metal. The 
apparent discrepancy is due to the heat treatment step which may have oxidized any residual Ir 
metal. It is not clear why Ru metal is present in X-ray diffraction after heat treatment while the 
XPS shows none on the surface. This would imply a segregation of the oxidized species to the 
surface. Further work is needed to examine the cause of this discrepancy as well as using thin-
film XRD techniques to identify the structure of the as-deposited film and perhaps examine the 
evolution of structure before and after polarization scans. 
7.2.4 Transmission Electron Microscopy  
Evidence for the presence of a core-shell particle enriched in RuO2 could be elucidated by a z-
contrast aberration corrected (on probe) STEM of the film as it forms on the collection grid 
(shown in Figure 7.10).  
 
 Figure 7.10: HAADF image from a Hitachi HD2700C STEM of Ru
exposed to deposition for 90 s.  
Image contrast in Figure 7.10
= 77) and Ru (z = 44) in the addition to the number of atoms vertically aligned with the electron 
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beam. Figure 7.10 shows that most of the representative particles are 1-2 nm in length and have 
aspect ratios close to 1 while the larger clusters exhibit aspect ratios of 2-3. It should be noted 
that the larger clusters result from the coalescence of two or more particles; a grain boundary is 
shared between the particles. The existence of two distinct types of particles: coalesced and 
single grain, suggest that two film formation mechanisms occur simultaneously. This observation 
also suggests that particles are arriving at different stages of formation. If homogeneous 
nucleation occurred sometime during the flight of the particle then, as the deposition time 
progressed, a growing film surface would have a uniform distribution of particles. Advanced 
stages of film growth would resemble extensions of the earlier stages; except that the number 
frequency of particles would be higher (i.e., a film grown for a longer time would exhibit the 
same particle size and distribution but have a denser coverage). This deposition route can be 
considered a ballistic type mechanism since the particles, already fully formed, hit the substrate 
and stick. The efficiency of this mass transfer is measured by the sticking coefficient.  
However, heterogeneous deposition from the vapor phase can be considered if the film 
growth preferentially occurs on nucleated particles attached to the substrate. In this mechanism 
the incoming metal vapors are attracted to energetically favorable sites on exposed facets of the 
growing film. Particles larger than the primary particle length appear to exhibit twin boundaries 
(white arrow in Figure 7.10B) and grain coalescence. Particles coated both sides of the lacey 
carbon grid and this was observed by changing the focus plane. These findings are congruent 
with a process of nucleation and growth at the surface of the substrate that lead to conformal, not 
line-of-sight, coatings; this suggests a mechanism whereby at least some crystallization occurs 
directly from the vapor phase onto the substrate. Figure 7.10 also shows a number of clusters 
 having size ranges between one to several angstroms. The
crystallized particles indicated by a periodic longer range order. 
Cu grids exposed to the deposition process for 90 s and 240 s were also examined in TEM 
transmission mode using a JEOL 2010 FasTEM; contrast is this 
Figure 7.11 shows that the difference in contrast is immediately evident due, in part, to the 
interference of the backing carbon film on the grid. 
Figure 7.11: TEM image using a JEOL 2010 FasTEM of Ir
exposed to the deposition for 90 s (
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mode is due to diffraction. 
 
xRu1-xO2-y particles using a grid 
A) and 240 s (B). 
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Compared to the image contrast in STEM mode, only the larger particles are clearly visible 
in these images. Of particular interest is the difference in coating coverage between the grids 
exposed for 90 s versus 240 s. The grid exposed to the deposition for 90 seconds reveals 
spherical islands of growth isolated from each other; the film growth at 240 s suggest that the 
incoming particles concentrate at the pre-existing islands. At 240 s the growth appears 
concentrated at points of previous deposition. This can be explained by a mechanism whereby 
favorable nucleation sites for the incoming vapors are provided by the previous growth centers or 
that the incoming fully formed ballistic particles have an increased sticking coefficient around 
these points. The average particle size slightly increases with collection time starting at ~1.5-1.7 
nm at 30 seconds (image not shown) and then leveling out to 2.2-2.3 nm for both 90 and 240 
seconds. The distributions are mostly Gaussian in nature with some skewing of the distribution 
to larger sizes after 30 seconds. This skewing could be in part due to the difficulty in discerning 
the coalesced particles from individual particles. If the deposition mechanism was solely due to a 
vapor sublimation mechanism, on energetically favorable sites, then the individual crystal size of 
the growing IrxRu1-xO2-y should increase with time. The observation that the crystal size levels 
out after 90 s would seem to rule out vapor sublimation as a major mechanism. Of note is that 
occasional larger particles (>15 nm) are observed although their frequency of observation is low. 
Since the substrate surface temperature is at or below 120oC during the entire deposition there is 
a large energetic barrier to surface diffusion and the deposited material is largely immobile once 
striking the surface.  
Features similar to observations in the IrxRu1-xO2-y system are repeated in IrxPt1-xO2-y, see 
Figure 7.12. These images, of the growing film, were taken on a JEOL 2010 FasTEM in TEM 
mode using Cu grids exposed to the deposition for 90 s (top) and 360 s (bottom).  
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 Figure 7.12: TEM image using a JEOL 2010 FasTEM of Ir
exposed to the deposition for a,b)
 
The 90s exposure in Figure 
growth; the branches form open pores in the forming film. There are also a few areas having un
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 90 s and c,d) 360 s. 
7.12A highlights the branched structures formed during film 
-
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branched spherical particles, less than 5 nm in size, with darker contrast. The irregular branched 
structures and the number of primary particles they contain compared to the agglomerate size are 
frequently described by the use of fractal theory [6,329]. Agglomerated powders have very 
different transport properties (diffusion, settling, etc.) compared to spherical primary particles 
and fractal theory is useful as a descriptor in determining the extent of agglomeration [119]. 
Figure 7.12B highlights the boundaries formed by interparticle coalescence (the fusing of two or 
more particles). Interparticle bond energies can exist as a spectrum from weak van der Waals 
forces (soft agglomerates or just agglomerates) to stronger solid state necks (hard agglomerates 
or aggregates) [330]. The onset of agglomeration occurs when the characteristic time for 
coalescence (i.e., sintering) (τs) exceeds the characteristic time for particle collisions (τc). When 
τs increases much faster than τc (dτs/dt >> dτc/dt after τc= τs) soft agglomerates of spherical 
particles are formed, while oblong particles (hard agglomerates) are formed when τs increases 
slightly faster than τc (dτs/dt > dτc/dt) [119,331]. Figure 7.12B shows definite necks between the 
primary particles with a range of crystallite orientations as well as crystal twinning. Alongside 
the agglomerates are individual particles having no extent of agglomeration suggesting again that 
coalescence in the flame zone does not occur for all particles. At 360 seconds most of the space 
between the particles is not visible, due to layer-by-layer stacking of incoming branched 
agglomerates, there are however a few uncovered regions; this testifies to the porous nature of 
the forming film using these processing conditions. The selected area electron diffraction 
(SAED) in Figure 7.12, highlighted by circle, shows the strong diffraction bands of metallic 
platinum metal and attests to the crystallinity of the forming film. A more detailed observation of 
Figure 7.12D reveals that most of the grid is coated although some uncoated regions still exist. 
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The built up particle deposits reveal a range of exposed crystallographic orientations as well as 
differences in contrast that suggest thicknesses variations leading to a nanoporous textured film. 
Figure 7.13 is an image of a branched IrxPt1-xO2-y particle taken on a Jeol 2100 HRTEM. 
This image shows, in better detail, the interface between the individually formed crystals that 
have begun to sinter together in random orientations. In addition to the highly branched structure 
there is also a particle with only a small neck connected to another particle indicating that these 
particles experienced significantly less sintering during time-of-flight.  
 
 
Figure 7.13: TEM image of IrxPt1-xO2-y using a field emission JEOL 2100 TEM operating at 200 
kV.  
 7.2.5 Cyclic Voltammetry 
Cyclic voltammetry (CV), of the Ir
water oxidation and oxygen reduction capacity of the BOE, the scans are shown in 
Figure 7.14: Cyclic voltammetry, scan rate 20 mV/sec, on Ir
of the current response with cycle number in the window of 0.05
stabilized, the current response extending the lower potential to 
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xPt1-xO2-y film on Au, was utilized to better understand the 
xPt1-xO2-y which shows the evolution 
-1.4V (A) and (B
-0.05 V. 
Figure 7.14.  
 
) once 
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The CV response suggests the presence of a mixed IrPt oxide: H2 absorption and evolution; 
O2 reduction and evolution; and redox peaks for the IrO2 Ir3+/Ir4+ couple. The lowest potential 
was limited to 0.05 V during break-in of the electrode (Figure 7.14A) and then reduced to -0.05 
V (Figure 7.14B). Once stabilized, the electrode’s onset potential for H+ adsorption occurred at 
0.25 V; the cathodic current rose logarithmically until potential reversal at 0.05 V. The peak 
oxidation current resulting, from release of the adsorbed protons, occurs at -0.15 V and then 
decays over a broad range of potentials to ~0.4 V. The onset potential for O2 evolution is 1.32 V 
(see Figure 7.14, inset). On the reductive side the Ir4+ to Ir3+ transition is evidenced by a broad 
peak at 1.18 V and the oxygen reduction on platinum occurs at 0.7 V.  
 Figure 7.15: Linear sweep voltammetry of a Ir
of 900 rpm showing (A) the degradation with cycling and (
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xPt1-xO2-y film in 0.5 M H2SO4 with a rotation speed 
B) comparison to literature values.
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In order to examine the suitability of the film toward oxygen evolution, the sample was 
cycled between 1.2 -1.7 V, using a rotational speed of 900 rpm. The rotation prevents the 
gaseous O2 product from blocking active sites during formation and continuously flushes the 
electrode with reactant. The results are plotted in Figure 7.15. The sample was cycled 10 times 
and attenuation was observed with each cycle; this indicates degradation in the film or 
deactivation of the catalyst. The onset potential for oxygen occurred at 1.45 V on the first pass 
but then increases to 1.5 V by cycle 10. Visual inspection of the electrode after cycling showed 
that delamination of the film, from the gold substrate, had occurred. A closer inspection of the 
film by SEM revealed pitting spots. A comparison of the O2 evolution current, normalized to the 
metal oxide loading, with literature values [332] is shown in Figure 7.16. The poor performance 
of the film highlights the need to better understand adhesion of IrxPt1-xO2-y in bifunctional acidic 
environments. The spallation of films prepared by RSDT has not been observed in past studies 
using Pt [294] or in this study with IrxRu1-xO2-y. The obvious testing differences are that neither 
of these last two systems, the Pt or the IrxRu1-xO2-y, showed both appreciable H2 and O2 
generation current. To confirm the delamination, a second film was deposited under the same 
conditions; the entire film came off as one piece into the electrolyte as before. Pt is known to be 
unstable in acid at high potentials; in light of the diffraction data (Figure 7.6) showing separate 
phases of Pt and IrO2, the delamination can be explained by Pt dissolution [333].  
CVs of the IrxRu1-xO2-y deposited electrode were examined first on glassy carbon and then 
on Au disks; due to corrosion of the underlying glassy carbon the upper potential was limited and 
all O2 evolution experiments were done using Au as the substrate. The water window (i.e., 
between the potentials of H2 and O2 evolution) of the film was examined by first cycling at 100 
mV/s and then at 20 mV/s between 0–1.4 V. The cycling was done without rotation in N2 purged 
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0.5 M H2SO4 electrolyte; the results are shown in Figure 7.8. One of the interesting features of Ir 
metal is its tendency to form irreversible thick oxide layers (i.e., a hydrated film), during 
potentiodynamic cycling, within the water window (4, 24-25). The main anodic peak, 
corresponding to the IrO2 III/IV couple, occurs at 1 V while the cathodic peak is centered at 0.9 
V. RuO2 is known to have a more symmetrical redox couple occurring at 0.6 V and a larger 
peak-pair at 1.3 V [270]. Figure 7.16 shows that after 40 cycles, using a 100 mV/s rate, a very 
pronounced anodic peak appears at 1.15 V and a corresponding cathodic peak is observed at ~1.2 
V; both of these peaks are attributed to the RuO2 redox couple. The cathodic peak is somewhat 
obscured by a much broader background current. 
 Figure 7.16: A) Cyclic voltammetry, scan rate 100 mV/sec, on Ir
current response before repeated cycling (black) and after (red). The lack of sharp peaks 
suggests a variety of Ir and Ru active sites between 0.8
response at a scan rate of 20 mV/sec. The expected redox potentials from literature for the 
respective metal oxides are marked for reference.
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xRu1-xO2-y which shows the 
-1.4 V and B) once stabilized the current 
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It is seen in Figure 7.16 that the H+ adsorption peaks are missing since oxides do not easily 
promote H+ adherence on surface. Activation of the film is noted during cycling (Figure 7.16A) 
although there is no expanding current. The expanding current refers to changes in the CV, 
resembling a capacitive response, attributed to an increase in the number of accessible charging 
sites; the effect is caused during the hydration process of “fresh” IrO2 films [267]. Broad 
undefined peaks, in the cathodic region of Figure 7.16B, indicate a variety of Ir-Ru active sites 
with a range of formal potentials. Cyclic voltammetry of the as-deposited films show that the 
expected redox potential waves for pure IrO2 are not well resolved. The RuO2 peak was also not 
observed at lower potentials but was prominent for charge transfer at 1.3 V. 
 
 Figure 7.17: Cyclic voltammetry of Ir
the “water window”, and b) extending the upper peak vertex voltage to to 1.6 V
Figure 18 illustrates that Irx
this is because evolution of H2 
relative to Pt. In Figure 7.17 the onset current from H
even at -0.05 V the H2 evolution current is small. The onset current for O
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xRu1-xO2-y a) limiting the upper peak vertex voltage to within 
. 
Ru1-xO2-y films have a 1.5 V wide “water window” of stability; 
on oxide surfaces will occur only at very negative potentials 
2 evolution does not occur until 0 V and 
2 evolution occurs at 1.4 
 
 V. Figure 7.17B shows that at 1.6 V there is significant current being generated by the electrode. 
In these experiments there was concern over the integrity of
background corrosion currents.  
In order to extend the voltage range to the higher potentials required for appreciable O
evolution and to minimize the background corrosion currents from the support disk; a mirror 
polished Au electrode was used as the substrate. 
as-deposited film; reference markers indicate the known RuO
initially a broad anodic peak centered at 1.1 V that shifts to 1.3 V an
after only a few cycles.  
Figure 7.18: Plot showing the voltage 
onto a Au substrate. The literature referenced
by vertical lines.  
The cathodic peak observed ~1.17 V flattens out and becomes less clear with a barely 
discernible peak shift of +0.05 V. A clear shift in the onset potential, for O
226
 the glassy carbon electrode and 
Figure 7.18 shows the current response from the 
2 and IrO2 redox potentials. There is 
d becomes more distinct 
current response in IrxRu1-xO2-y films, deposited directly 
 redox potentials for Ir and Ru oxides are indicated 
2 evolution, increases 
2 
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from 1.3 V to 1.4 V within 10 cycles. The redox potential waves for pure IrO2 are not well 
resolved. The expected RuO2 redox peak at 0.6 V was not observed, however, a prominent 
charge transfer peak exists at 1.3 V. Once again the broad and not very well defined peaks 
indicate a variety of Ir-Ru active sites with different formal potentials. 
7.2.6 Oxygen Evolution Using Linear Sweep Voltammetry 
In order to evaluate the suitability of the thin film, deposited by RSDT, as a candidate for O2 
evolution; a series of polarizations between 1.2 and 2.0 V were initiated. The electrolyte 
composition (i.e., N2 purged 0.5 M H2SO4) was kept the same as in the CV scans. An electrode 
rotation rate of 900 rpm and 1600 rpm was used to remove the oxygen evolved at the surface and 
to prevent the ensuing ohmic drop during polarization. However, above ~1.7 V scatter from the 
gas bubbles forming on the electrode becomes prominent regardless of the rotation rate.  
 Figure 7.19: Polarization of the Ir
oxygen evolution in a 0.5 M H2SO
comparison with literature values normalized to the metal oxide mass
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xRu1-xO2-yfilm, coated on a Au electrode, into potentials for 
4 electrolyte A) with rotation rates of 900 and 1600 rpm and 
.  
B) 
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Figure 7.19A shows that the oxygen evolution onset begins around 1.45 V and appears to 
shift slightly higher potentials ~0.05 V within 5 cycles, at a rotation rate of 900 rpm. At 1600 
rpm the onset shifts to 1.5 V. There is a 30% decrease in current after 10 cycles when measured 
at 1.6 V. The O2 evolution current density measured by: Owe et al. (10 mA/cm2); Mamaca et al. 
(8-12 mA/cm2); and Mayousse et al. (10-12 mA/cm2) indicate that the 25-40 mA/cm2 we 
observed is very promising [252,269,270]. When normalized to the catalyst mass, shown in 
Figure 7.19B, 400 mA/mg
 
of current is generated compared to the 50-75 mA/mg found in the 
literature. A mass activity of this level implies full utilization of the metal oxide in the film layer 
and indicates that most of the active sites throughout are the film accessible.  
7.3 Conclusions 
The results of our work can be summarized as follows: 
• Thin crystalline films of IrxRu1-xO2-y and IrxPt1-xO2-y have been deposited by a 
proposed mechanism of ballistic nanoparticle accumulation; most particles (mass 
weighted) are 2-3 nm in diameter but a sizeable (number count) are well below 5 Å.  
• Initial film growth, due to the incoming particles, is concentrated in areas of previous 
particle adherence; this imparts an inherent microporosity as the film grows. 
• Aggregation of nanoparticles appears to progress with increasing collection time (i.e., 
aggregation is absent in the shorter collection times) suggesting a short residence time 
in the flame and an attraction due to interaction with the surface particles.  
• A sizeable portion of the Pt was not incorporated into the crystal structure of the 
desired IrxPt1-xO2-y and this explains the dissolution of the film during polarization; 
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the difference in boiling/melting points are proposed as a reason for the lack of 
alloying.  
• Ir and Ru form a solid solution of IrxRu1-xO2-y; the resultant film has remarkable 
activity toward oxygen evolution.  
Ballistic nanoparticle impingement is proposed as a hypothesis for the mechanism of film 
formation; a mechanism involving some fraction of film growth directly from the vapor phase 
cannot be ruled out. Electron microscopy suggests that the film formation begins from individual 
nanoparticles of 2.2-2.5 nm in diameter while the HAADF images, Figure 7.10, clearly show a 
preponderance of IrxRu1-xO2-y atoms in the early stages of coalescence. There is some evidence 
that the surface of the ‘as-deposited’ IrxRu1-xO2-y film is enriched in Ir, suggesting some form of 
surface segregation. A grazing incidence diffraction scan with concomitant XPS of both the 
unheated film and a film subjected to cyclic polarization would help to better understand this 
observation. The broad and not very well defined peaks in cyclic voltammetry indicate a variety 
of Ru/Ir active sites with different formal potentials. The onset potential for oxygen evolution 
begins around 1.45 V and the current (25-40 mA/cm2) generated at 1.6 V is double of those 
reported in the literature. Normalized to the mass of platinum group metal oxides the mass 
activity is 400 mA/mgmetal-oxide compared to values of 50-75 mA/mgmetal-oxide from literature 
values [252,269,270]. This represents a significant improvement in performance over traditional 
film formation strategies (i.e., ink or vacuum based processes) and highlights a path forward in 
development of a flame based deposition method for the IrxRu1-xO2-y system. This work raises 
further questions about the relationship between film thickness and mass activity; durability; and 
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process options available to optimally tailor the microstructure. Further work will also look at 
strategies for dispersing the catalyst directly onto a Nafion membrane for CCM manufacture. 
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CHAPTER 8:  
Hydrogen Evolution on Combustion 
Synthesized Electrodes with Low Loadings 
for PEM Electrolyzers 
This work investigates several unique approaches to Pt catalyst deposition using dry jet-flame 
synthesis with the goal of manufacturing high-performance cathodes for water electrolysis. In 
addition, the relationship between the quench distance and flow rate is linked to the evolving 
crystallinity of Pt. Direct application of the catalyst film onto Nafion 117 and gas diffusion layers 
is explored along with approaches to dispersing the Pt onto amorphous carbon or TinO2n-1. 
Operational challenges relating to the harsh conditions of hydrogen gas evolution and electrode 
adhesion are addressed by adding binder and a catalyst support to the electrode structure.  The 
RSDT technology produces an electrode with a 20-fold reduction in Pt loading while 
maintaining high in-cell performance (2.2 V at 2 A/cm2) compared to an industry-level baseline 
electrode. Durability testing at 1.8 A/cm2, 400 psi differential pressure and a temperature of 50°C 
yields a consistent potential of 2.1 V for over 550 h, indicating the RSDT process results in 
robust and high-performing electrodes and is a promising new technology for electrode 
manufacturing. This work was presented in session G1 – Advances in Low Temperature 
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Elextrolyzer and Fuel Cell Technology: In Honor of Anthony B. La Conti at the Spring 2013 
Meeting of the Electrochemical Society in Toronto, ON. This work has been submitted to the 
Journal of Power Sources for review. 
8.1 Experimental 
8.1.1 Chemicals and Materials  
Pt acetylacetonate (Pt(acac)2, Colonial Metals, Elkton, MD) was used as the source of the noble 
metal. Pt(acac)2, is one of the most highly available and least expensive organoplatinum 
compounds, and is widely used in catalysis [91,92]. Additionally it is free of potential halide or 
nitrate contaminants [93]. Xylene, acetone (ACS reagent grade, Sigma Aldrich, St. Louis MO) 
and thiol-free propane (Airgas East Inc., Cheshire CT) were used as the solvents. 
For Pt depositions that were supported, dispersions were made using methanol. The carbon 
support was Vulcan XC-72R (Cabot, Boston, MA) and the titanium sub-oxide support (i.e., 
Magneli phases) of the general formula TinO2n-1 was Ebonex® (10015, Atraverda Ltd., Gwent, 
UK). The binder/ionomer (Nafion® 117 solution, Sigma Aldrich, St. Louis MO) was a 5 wt.% 
solution in a mixture of lower aliphatic alcohols and water. Ebonex® was taken as received and 
ball milled for 100 hrs to reduce the particle size [90]. A slurry of TinO2n-1 was prepared by 
mixing a 50/50 vol.% deionized water/methanol solution with 0.18 wt.% Nafion® ionomer. 
Substrates submitted for electrolyzer testing were deposited as ½ MEAs (membrane electrode 
assembly). Two types of substrates were used for direct coating by the RSDT process followed 
by electrolysis testing. One substrate was Nafion 117® (178 µm thick) a chemically stabilized 
perfluorosulfonic acid/polytetrafluoroethylene copolymer in the acid (H+) form (DuPont, 
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Wilmington, DE). The other substrate was Toray carbon paper (TGP-H-120, TorayCA) having a 
thickness of 370 µm thick and 5 wt. % wet proofing.  
 
8.1.2 RSDT  
The electrocatalyst electrode layers were synthesized in a one-step process using RSDT 
[81,82,90,276]. Films of Pt were deposited onto either a 25 cm2 (square format) or 28 cm2 (circle 
format) substrate. To aid in atomization and to increase the heat released in the combustion zone, 
~16.5 wt. % of liquid propane was added to a 1 L closed vessel of the precursor solution. 
Precursor solution was continuously passed through the RSDT atomizing-burner at a constant 
flow rate of 4 mL/min. The precursor was heated to approximately 60°C in the atomizing burner 
by setting the atomizing-burner to 190 °C. The exit orifice was surrounded by a channel which 
passed O2 as the fuel oxidant at 13.6 L/min. In order to bring the substrate closer to the process 
while maintaining the deposition temperature at ~120°C, a quench gas of air, flow rate 28.3-85 
L/min, was used to rapidly cool the combustion zone at a distance of 4.9 or 9.0 cm from the 
location of the spray injection. The distance between the burner face and the substrate was 18 
cm.  
Specific electrode formulations are described as follows. For selected cathode depositions, 
a catalyst support (i.e., Vulcan XC-72R or Ebonex®) was introduced into the process using two 
781S-46F air-assist nozzles (EFD, Inc., East Providence, RI) mounted at 180° from each other 
and transverse to the centerline of the flame axis. The total flow rate of the slurry was set to 0.75 
mL/min per nozzle (total flow rate: 1.5 mL/min); the atomizing air was supplied to the nozzle’s 
fan cap at 68.9-82.7 kPa. Each slurry solution was prepared using methanol or methanol/water as 
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the liquid phase, the ionomer concentration was 0.26-0.98 wt.%. Once the support phase was 
added the entire solution was sonicated (Misonix S-4000, QSonica, LLC, Newton CT) prior to 
filling the syringe pump. 
Samples were deposited using a swept area of ~134 cm2 at a stand-off distance of ~18 cm. 
The Pt-(acac)2 concentration for all experiments was ~10 mM. The formulation for the solvent 
(fuel) was ~16.5 wt. % propane, ~21 wt. % acetone and 62.5 wt. % xylenes. The fuel was passed 
into the atomizing burner at a constant flow rate of 4 mL/min. The nozzle temperature was set to 
190 °C for all experiments. Process conditions and specific formulations for depositions in this 
study are listed in Table 8.1. 
Table 8.1: Processing conditions for electrodes applied by the RSDT method 
Sample Substrate 
Deposition 
time [mins] 
Quench 
distance 
[cm] 
Substrate 
temperature 
[℃] Catalyst Binder 
Quench(air) 
flow rate 
[L/min] 
Loading 
[mg/cm2] 
Electrode 
thickness 
average 
[nm] 
A - Pt -  
30 mins RDE  30 4.91 110 Pt none 42.5 0.03 NA 
B - Pt-Ebonex - 
30 mins RDE  30 4.91 106 Pt/TinO2n-1 none 42.5 0.03 NA 
C - Pt -  
103 mins 
Nafion 
117® 103 4.91 120 Pt none 84.9 0.1 170 
D - Pt -  
230 mins 
Nafion 
117® 229 4.91 110 Pt none 84.9 0.18 554 
E - Pt -  
130 mins 
Nafion 
117® 132 9.00 140 Pt none 28.3 0.2 335 
F - Pt -  
110 mins 
Nafion 
117® 111 4.91 91 Pt none 28.3 0.11 188 
G - Pt-Ebonex -  
130 mins 
Nafion 
117® 131 4.91 
114 
128 Pt/TinO2n-1 
3.37 wt.% 
I/E = .44 56.6 0.13 ~3500 
H –Pt-Vulcan-
227mins 
 
Nafion 
117® 227 4.91 128 
Pt/Vulcan XC-
72R 
0.98 wt.% 
I/C = 0.15 28.3 0.4 ~7000 
I - Pt - Nafion - 
118 mins 
Nafion 
117® 118 4.91 141 
Pt/Nafion 
(inomer) 
0.98 wt.% 
no carbon 28.3 0.1 250 
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J - Pt - Vulcan -  
224 mins 
Nafion 
117® (28 
cm2) 
224 9.00 111.0899 Pt/Vulcan  XC-72R 
0.98 wt.% 
I/C = 0.15 28.3 0.4 ~7000 
K - Pt - Vulcan  
230 mins 
Toray  
(28 cm2) 230 9.00 125.53 
Pt/Vulcan  
XC-72R 
0.98 wt.% 
I/C = 0.15 28.3 0.4 ~7000 
 
8.1.3 Physical Characterization 
Bulk elemental analysis of the deposited films was determined by inductively coupled plasma 
optical emission spectroscopy (ICP-OES) using a Perkin Elmer Optima 7300DV ICP-OES. The 
structure of the deposited Pt was probed by a Bruker D8 Advance X-ray diffractometer 
configured with: a ∅ 250 mm goniometer in Bragg-Brentano geometry; a Cu Kα (1.541 Å) 
source; and a compound silicon strip 1-dimensional LynxEye detector.  
SEM images were captured using a FEI Quanta 250 FEG with a field emission source and 
imaged using an Everhart-Thornley SE (secondary electron) detector with an electron 
accelerating voltage of 10 or 20 kV and a working distance of 10 mm. A series of electron 
micrographs were collected with a Tecnai T12 120kV TEM. In addition, images were collected 
with an aberration-corrected (probe) FEI Titan G2 80-200 with ChemiSTEM. The Titan was 
equipped with a X-FEG high-brightness gun and a DCOR Cs-probe corrector. Z-contrast images 
were generated by high-angle annular dark field (HAADF) scanning transmission electron 
microscopy (STEM). By using a HAADF detector, electrons are collected which are not Bragg 
scattered therefore the HAADF images show little or no diffraction effects. Elemental maps were 
acquired using a ChemiSTEM windowless SDD for X-ray energy dispersive spectroscopy 
(XEDS). The TEM grids were placed at an equivalent stand-off distance to the electrodes and 
removed at timed intervals as noted. 
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8.1.4 Electrochemical Measurements 
Electrochemical measurements were performed in a three-electrode, single-compartment half-
cell using a reversible hydrogen electrode (RHE) (ET071 Hydroflex, eDAQ) as the reference 
electrode. A Pt wire (0.5 mm OD x 152 mm L, 99.95%) in a fritted tube was used as the counter 
electrode (AFCTR5, Pine Instruments). The working electrode was formed by directly 
depositing the Pt or Pt/Ebonex onto a 5 mm hands-off glassy carbon disk assembly 
(ACE6DC050GC, Pine Instruments) and then tested for surface area by hydrogen 
adsorption/desorption, i.e., Hads/Hdes. All potentials reported are relative to a RHE immersed in 
0.1 M HClO4 at 25°C. Cyclic voltammetry (CV) was performed using a potentiostat, controlled 
with Nova software (Metrohm, PGSTAT101). Rotating disc voltammetry was performed using 
an ASR rotator (AFMSRCE, Pine Instruments). The whole 125 mL half-cell (AKCELL3, Pine 
Instruments) was surrounded by a water jacketed sheath with the water temperature thermostated 
to 25°C (Isotemp 3016D, Fisher).  
8.1.5 Electrolyzer Testing 
Initial electrolyzer experiments to assess performance were conducted using modified 25 cm2 
fuel cell hardware (Fuel Cell Technologies, Inc., 25 SCH) at 50°C. The graphite flow field on the 
oxygen evolution side was replaced with a titanium flow field for stability at high electrolysis 
potentials. ½ MEAs (membrane electrode assemblies) and GDEs (gas diffusion electrodes) were 
assembled into the test cell by placing the RSDT applied electrode (typically a ½ MEA) in 
contact with the appropriate baseline GDE on the other side of the membrane. The MEA was 
assembled using Tefzel gaskets and the bolts were torqued to 40 in-lbs.  
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The electrolyzer was operated by circulating ultrapure water through the anode side of the 
cell. The polarization curves were recorded by step changes in the current density, up to 2000 
mA/cm2. The current was held for several minutes at each step to allow the voltage to stabilize. 
The baseline configurations used for reference consisted of an MEA with IrO2 as the oxygen 
evolution reaction (OER) catalyst and Pt, as the hydrogen evolution reaction (HER) catalyst, 
directly deposited on a N117 membrane, or an IrO2 OER GDE and Pt HER GDE separated by a 
N117 membrane. 
Durability/stability testing was conducted using Proton’s laboratory product commercial 
hardware for the HyGen 200 series of gas generators, enabling differential hydrogen pressure 
operation on a 28 cm2 stack. 
8.2 Results and Discussion 
Two different approaches were taken to deposit the hydrogen evolution electrode onto N117. 
These approaches included unsupported Pt thin-films (<0.6 µm thick) and a supported Pt 
configuration (>3-8 µm thick). The thickness of the supported Pt electrodes is largely dictated by 
the support material. Both approaches were evaluated to determine the optimal configuration for 
electrolysis.  
8.2.1 Unsupported Pt Thin-film Approach  
The unsupported film was deposited directly onto a N117 membrane. Process parameters of 
deposition time (thickness), location of quench, and flow rate of the quench were explored. Also, 
 the electrochemical performance for H
conditions used to produce the unsupported thin
8.2.2 Control of Film Thickness and 
Process parameters were initially optimized for the thin film approach
in Figure 8.1. The thickness was 170 or 550 nm depending on the length of time the substrate 
was exposed to the process (104 or 230 minutes respectively). 
Figure 8.1: Unsupported Pt films grown directly onto Nafion® 117 for a t
A-C) sample C-Pt-103 and D-F) 
morphology that develops with a longer deposition time
A distinctive nodular morphology due emerges with increasing deposition time. 
deposition thickness is~ 1.7-2.4 nm/min and the loading rate is 0.8
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2 oxidation and reduction was also examined.
-film electrodes are listed in Table 8.1.
Crystallinity Using the RSDT Process
. Example films are shown 
 
otal deposition time of 
D-Pt-230. Figures C and F are tilted to highlight the nodular 
. 
-0.9 µ
 Deposition 
  
 
 
The rate of 
g/cm2-min. The 
 deposited films were contiguous without holes. After fracturing in liquid N
their coating integrity and did not spall from the N117 substrate
studied in detail and the resulting morphology of the film 
translational velocity of the incoming 
depending on the Peclet number 
favor a more nodular and hence porous film. 
Depending on the distance at which the combustion zone was quenched and the flow rate of 
quenching gas an amorphous or crystalline film of Pt was obtained
plotted in Figure 8.2. 
 
Figure 8.2: Evolution of the Pt face
reactive zone length (i.e., quench distance) and the volume of quench air (
rate). A) Sample E-Pt-130 with a quench distance of
B) sample F-Pt-110 with a quench distance of
C-Pt-103 quench distance is 4.9 
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2 the films retained 
. Nodular growth has been 
is controlled by the diffusion 
particles which vary between diffusion and ballistic limits 
[125,159]. A lower particle velocity and higher Pt flux will 
 
. The diffraction patterns are 
-centered cubic diffraction pattern as a function of the 
i.e., quench flow 
 9.0 cm and an air flow rate of
 4.9 cm air flow rate of 84.9 L/min, and C) 
cm and the air flow rate is 84.9 L/min.  
and/or 
 
 28.3 L/min, 
sample 
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These experiments suggest that the two requirements for crystalline films are 1) a longer 
reaction zone (v 9 cm) so that the clusters of atoms can coalesce and grow into nanoparticles, 
and 2) a lower quench flow rate w 28.3 L/min to limit the air entrainment that dilutes and hence 
cools the reaction zone. If the particle growth is prematurely ‘frozen’ then extended planar 
Pt(hkl)
 
surfaces cannot form and this will have implications on structure sensitive reactions. For 
instance, oxygen reduction in an acidic electrolyte is strongly structure sensitive. However, the 
structural sensitivity of hydrogen evolution in acid on Pt is minimal above room temperature 
since a compensation effect narrows the rate between the crystal faces [334]. Since the internal 
volume of non-accessible atoms must also be minimized to reduce cost an opportunity for 
reduction in Pt size may be possible without a loss in activity. Therefore, crystallinity should be 
closely monitored during scale-up and further development. Another observation is that as the 
location of the quench is moved further out the loading rate increases from ~0.9 to 1 µg/cm2-
min. This result suggests that an optimization in the aerodynamics around the sample (currently 
an orthogonal configuration) will have profound effects on the deposition efficiency. Many of 
the geometries for optimizing this type of film application have been developed in the outside 
vapor deposition field for optical fiber-optic wave guides [335].  
8.2.3 Rotating Disc Studies on Activity 
The hydrogen evolution and oxidation activity was screened using rotating disk electrode (RDE) 
evaluation [334,336] to explore the intrinsic surface area and kinetics of both Pt and Pt/Ebonex® 
films. As shown in Figure 8.3 A and B, the surface area of the Pt is greatly reduced when 
deposited onto the ceramic support. This effect may result from incomplete wetting of the 
electrode surface due to the ceramic support leading to inaccuracies in ECA determination 
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[90,308]. This can occur because the Ebonex® is hydrophobic until the voltage is cycled 
appropriately to induce a hydrous layer on the surface [90]. The hydrogen evolution reaction 
(HER) and hydrogen oxidation reaction (HOR) occur as follows: 
2H+ + 2e-  H2 , Eo = 0.0 V (HER) 
H2  2H+ + 2e- , Eo = 0.0 V (HOR) 
 
Hydrogen evolution and oxidation occur on both the Pt film and the Pt/Ebonex® with similar 
activity as shown in Figure 8.3C. The limiting hydrogen oxidation current density, id, for the Pt 
film is ~3.2 mA/cm2 while for the Pt/Ebonex® the value is ~2.4 mA/cm2 at 0.1 V.  The onset for 
HER occurs at ~0.07 V for Pt and ~ 0.04 V for the Pt/Ebonex®. On the HER reaction side the Pt 
has a H2 evolution current density of -25.5 mA/cm2 at -0.2 V while the Pt/Ebonex®  has a H2 
evolution current density of -25.0 mA/cm2.  
Figure 8.3C also shows that Ebonex® does not exhibit any obvious redox peaks nor does there 
appear to be any synergistic effect of the Ebonex® on the Pt toward HER. The HOR current for 
both Pt and Pt/Ebonex® quickly achieves diffusional control owing to the ultra-fast kinetics of 
the reaction. The HER does not reach diffusion control for either sample leading to a mixed 
kinetic and mass transport controlled current. Additionally, there was no dependence of the HER 
rate on the rotation rate for either Pt or Pt/Ebonex® (data not shown). The HOR limiting current 
density at 0.1 V for Pt was 3.2 mA/cm2 and for Pt/Ebonex® was 4.5 mA/cm2 whereas Sheng et 
al. find a value of 3.1 mA/cm2 under identical conditions [337].  
The Pt film is stable after cycling the voltage for 200 cycles as shown in Figure 8.3D. At -0.35V 
the current drops from -29.2 mA/cm2 at cycle 1 to -28.2 mA/cm2 at cycle 200, a loss of only 
3.5%.  
 Figure 8.3: Cyclic voltammetry of samples A
MHClO4 to determine the electrochemically active surface area of A) a Pt film deposited directly 
onto the glassy carbon disk and evaluated using a scan rate of 50 mV/s. The Pt loading was 31 
µg/cm2 leading to an electrochemical surface area of 61 m
onto a glassy carbon disk and evaluated using a scan rate of 20 mV/s. The Pt loading was 30 
µg/cm2 leading to an electrochemical surface area of 5 m
saturated 0.1 MHClO4 to determine the activity of 
potentials less than 0.0V and H oxidation at potentials >0.0V using a
scan rate of 10 mV/s. D) Illustrates the stability of the Pt film after 200 cycles between 
0.2V. 
Due to the very fast reaction rate
the diffusion overpotential [33
overpotential relationship and the exchange current densities (in acid) are many orders 
magnitude larger than the typical hydrogen diffusion limited current density
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-Pt-30 and B-Pt-Ebonex-30 in N2 saturated 0.1 
2/g, B) Pt/Ebonex® deposited directly 
2/g. C) Linear sweep voltammetry
Pt and Pt/Ebonex® toward H2
 rotation of 1600 rpm and a
s of HER and HOR the kinetics cannot be separated from 
8]. Current densities exhibit a Nerstian hydrogen diffusion 
 [33
 
 in H2 
 evolution at 
 
-0.4 and 
of 
7]. This makes 
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accurate quantification difficult.  However, these preliminary RDE studies suggest that the 
intrinsic activity of Pt and Pt/Ebonex® are promising and that the current densities for HER are 
almost double (25 mA/cm2) those reported elsewhere in literature for Pt, Pt/C, and Pt/WC (7-12 
mA/cm2) at -0.2 V [18].   
8.2.4 Adhesion Challenges  
Upon assembly into an MEA and subsequent polarization the Pt thin-film cathodes exhibited a 
linear voltage response up to 2500 mA/cm2. Around 1250 mA/cm2 the voltage would either 
slightly taper or take a slight uptick. Upon current reversal, during the 1st cycle, the voltage 
dropped and the subsequent response was linear, see Figure 8.4E. On disassembly of the cell, it 
was observed that a majority of the catalyst on the cathode side of the cell had detached from the 
membrane, as shown in Figures 8.4 A and B.  
 Figure 8.4: A Digital image and 
Catalyst loss is evident in the flow
micrographs of sample I-Pt-Nafion
voltage as a function of current density
increasing and ( - - ) decreasing current
GDL baseline ( · ) is plotted for reference. 
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B) micrograph of sample D-Pt-230 after MEA polarization. 
-field channels of the Pt film. C,D) Post MEA evaluation 
-118 which has ionomer added as a binder. E) Plot of the cell 
 for samples C-Pt-103 mins, D-Pt-230 mins with 
. Sample I-Pt-Nafion-118 is plotted for comparison and a
 
 
( - ) 
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The catalyst strips in Figure 8.4A are the only remains of the deposition after disassembly 
of the gas diffusion layer. The micrograph of the cathode in Figure 8.4B shows very little 
catalyst remaining in the channels between the flow-field ribs. The adhesion of the Pt film 
appeared to be most compromised, from hydrogen evolution, in areas not under direct 
compression of the flow field (i.e., the channels). As a mitigation strategy for the film-loss two 
attempts were made to fabricate Pt cathodes using a solubilized Nafion® co-polymer as a binder. 
The Nafion® binder was ~15 wt. % in the electrode layer. Micrographs of these samples show a 
web-like pattern in the electrodes, assumed to be Nafion® channels (Figures 8.4 C and D). 
Imprints from the carbon fibers of the GDL are also evident in the films. The addition of the 
Nafion® prevented catalyst loss under the channels, however the performance was poor as seen 
in sample I-Pt-Nafion-118 in Figure 8.4E. It is possible that the Nafion® increased the electrodes 
electrical resistance or reduced the accessible surface area by covering a significant portion of 
the Pt. Since the Pt film remained intact, this approach (with optimization) may be used on the 
anode side, with IrO2, where high potentials limit acceptable catalyst support candidates.  
 
8.2.5 Supported Pt Electrodes 
Two alternative strategies were evaluated to mitigate the loss of catalyst and improve 
performance using a Pt support. One strategy was the addition of a porous TinO2n-1 support with 
Nafion® (sample G-Pt-Ebonex-130). Roller et al. have previously used TinO2n-1 as a support for 
Pt using RSDT to study the oxygen reduction reaction [82]. Although no significant catalyst loss 
was observed in a sample with the support layer, the cell performance was not improved, Figure 
8.5. This may be due to the reduced surface area of Pt on the ceramic support as shown in Figure 
 8.3B. Although the results showed the addition of the Ti
not improve performance, the formation of promising nanostructures 
further investigation. Further investigation 
Nafion® content are necessary.  
The second strategy to improve adhesion
Nafion®. The Nafion® functions to bind the carbon both to itself and the substrate. In addition 
the Nafion® will extend the reaction zone in the electrode by extending the triple phase 
boundary [339].  
Figure 8.5: A carbon-supported cathode with Nafion binder provides a mor
configuration than unsupported cathodes. A) Polarization da
cathode sample D-Pt-230 (ṁ), with Nafion binder
supported on carbon with Nafion binder
baseline is plotted for reference (
carbon-supported cathode sample with Nafion binder showing the improvement in adhesion.
When Nafion® was combined with 
performance was observed as shown by the trends in 
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using this support warrant 
of the wetting characteristics and 
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ta for an unsupported
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●). B) Sample H-Pt-Vulcan-227 post-operational 
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micrograph of 
 
-Pt-Vulcan-
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227 in Figure 8.5A. The new electrode formulation resulted in performance that exceeds the 
benchmark up to 1000 mA/cm2 and then deviates by +100 mV at 2000 mA/cm2.  
Consistent with the improved cell performance, visual inspection showed catalyst still 
present on the electrode after disassembly with no observable distinction between the channels 
and ribs of the flow field. The micrograph in Figure 8.5B confirms that a continuous layer of 
electrode material was still present on the membrane after testing. The poor performance of the 
Ebonex® compared to the Vulcan XC-72R support can be considered in the context of the 
surface area of the support determined by N2 adsorption. Previous results by Roller et al. 
determined a Brauner-Emmett-Teller (BET) surface area of 254 m2/g and 11.9 m2/g respectively 
for Vulcan XC-72R and ball-milled Ebonex® [82]. The Nafion® functions to disperse the 
support in the methanol solvent prior to its role as a binder. The content of Nafion® required for 
binding is related to the surface area and based on this reasoning a 20X reduction in the Nafion® 
is necessary to bind the Ebonex®. However, as listed in Table 8.1 the Ebonex® sample (G-Pt-
Ebonex-130) required approximately 3X the content of Nafion® to form a stable dispersion for 
spraying through the secondary nozzles. The amount of Nafion® per surface area is one 
explanation for the poor MEA performance (Figure 8.5A) even though the RDE tests showed 
HER activity comparable to Pt (Figure 8.3C).  
 8.2.6 Morphology of the Film 
All supported catalysts required the use of Nafion® 117 solution (~5wt. % in a mixture of lower 
aliphatic alcohols and water) as a binder to ensure dispersion for spraying, in the secondary 
nozzles, and to ensure adhesion to the N117 substrate. Figure 8.6 shows the plan-view and tilted 
cross-section surfaces of these electrodes prepared with a support.  
 Figure 8.6: Prior to MEA assembly
view and B,D) cross-section using a support material for Pt 
G-Pt-Ebonex-130 and, C,D) Vulcan XC
The Ebonex® or Vulcan XC
secondary nozzles, see configuration 
formed in the combustion zone covers the TEM grid
of nanoparticle growth are observed in 
leads to formation of a supersaturated Pt gas in the combustion zone 
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, the micrographs of the RSDT deposited films
comprising A,B) Ebonex® 
-72R sample H-Pt-Vulcan-227. 
-72R was suspended as a slurry and then sprayed from the 
shown in Figure 1.3 (labeled ‘secondary nozzles’)
 in Figure 8.7 A and B. Three distinct stages 
Figure 8.7 A and B. Decomposition of the Pt
of the turbulent jet
 
 in A,C) plan-
sample 
. The Pt 
-(acac)2 
-diffusion 
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flame [75,119]. As the Pt gas traverses the flame field, homogeneous nucleation occurs due to 
the decreasing temperature. Condensation reduces the supersaturation by forming nuclei of Pt.  
The formation of clusters (small collections of atoms) occurs by random collision through 
Brownian and convective motion. The clusters dynamically form and dissociate until the partial 
pressure in the vicinity of the particle is larger than the vapor pressure above the curved surface 
[119]. Once a stable nuclei is formed the particles continue to grow by further collisions.  
Figure 8.7 shows the results of STEM imaging from two areas on a grid exposed to the 
process used to manufacture sample B-Pt-Ebonex-30 mins (see Table 8.1). Area 1 is displayed in 
8.7A-B and Area 2 is shown in 8.7D-F. The XEDS plot is from area 2. The TEM grid in 8.7A 
(area 1) shows the existence of particles at different stages of growth. Arrow 1 points to a region 
with clusters, arrow 2 shows a ~3 nm Pt nanoparticle, and finally arrow 3 shows the surface 
agglomeration of several nanoparticles. Arrow 4 in Figure 8.7B points to a 4 nm Pt particle that 
has attached to a ~30 nm particle of TinO2n-1 (5). The existence of fully formed nanoparticles and 
small clustered associations of Pt means that particles are forming under different conditions 
with the smaller clusters having traversed a cooler path than the larger nanoparticles. This 
observation also correlates with the changes in crystallinity seen in Figure 8.2. Processing 
conditions that favor inhomogeneous particle sizes include a low velocity for the oxidant or fuel 
flow jets, location of the quench (i.e., in the luminous portion of the flame), and/or a quench flow 
rate that is too high. A low jet velocity leads to poor mixing between the fuel and O2 while a 
quench location extending too far into the flame will prematurely cool the forming particles to 
favor more clusters [97]. Finally, a high quench flow rate will entrain air behind the quench 
location and cool the flame [102].  
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Based on previous work by Roller et al. the Pt agglomerates seen in arrow 3 appear with 
increasing deposition time and do not form (under the conditions used in this study) in the 
combustion zone [90]. This same phenomena was observed during timed growth sequences of 
IrxPt1-xO2-y (Figures 7.12 and 7.13) and IrxRu1-xO2-y (Figure 7.11) films and is detailed by Roller 
et al. [90]. Particles of Pt (such as arrow 2) randomly decorate the surface of the grid by a 
ballistic mechanism. After a critical density of particles exist on the grid the additional incoming 
particles, that cross the boundary layer, are attracted to the pre-existing Pt particles thus forming 
the fractal like clusters [125,340]. The number flux of Pt is higher than flux of Ebonex® particles 
and this explains why Pt covers more of the grid than the Ebonex® at the start of the film 
growth, see Figure 8.7A. A thin layer of Pt forms at the N117 interface before the support 
material has sufficiently covered the substrate. This effect has been observed in electrode 
manufacture for fuel cells using RSDT and an optimal Pt thickness of ~45 nm was found [276]. 
 Figure 8.7: Catalyst nanoparticles of Ebonex® and Pt deposited directly onto a Cu TEM grid. A
Pt nanoparticles and B) Pt nanoparticles decorating a larger Ebonex® support. C) XEDS map of 
area containing both Ebonex® and Pt particles. 
TiO component, E) Ti-Fe-O component, and F) 
component spectral analysis of the XEDS signals at each pixel
Figure 8.7C shows a representative XEDS signal from
map of each statistically relevant 
principal component analysis [34
8.7 D–F. The intensity of each pixel in Figure 
principal component. For instance, t
Fe-O XEDS signal is most intense. The three components listed in Figure 8.7 were determined 
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by statistical evaluation of the XEDS plots from each pixel in the 50 x 50 pixel array (~2500 
spectra). Figure 8.7D shows the location of the TinO2n-1 and Figure 8.7F shows the location of 
the Pt. The Pt is distributed randomly on the grid and TinO2n-1 support. Of interest is the Ti-Fe-O 
component. Fe is an unwanted element that is believed to have originated from the ball-milling 
process.  
8.2.7 Durability 
After finding a set of successful electrode fabrication conditions to reach equivalent 
electrochemical performance, the cathode focus shifted to durability testing. A new cathode half-
MEA, using the same conditions as the electrodes in Error! Reference source not 
found.Error! Reference source not found..5A to create a half MEA with Nafion® binder and a 
carbon support (sample J-Pt-Vulcan-224), was assembled into Proton’s commercial 28 cm2 
hardware. Paired with a Proton anode GDE, this MEA was tested at 50oC and 52 A (1860 
mA/cm2). Data collected from this test is shown in Figure 8.6. The cell ran for 1,075 hours 
without failure before being removed. After an initial break-in period within the first few hours 
of operation, the sample showed impressive stability, drifting by less than 40 mV throughout the 
test. The increase in cell potential over the initial polarization curve data can likely be attributed 
to the change in cell architecture. It is suspected that the initial break-in period, which was also 
seen in short-term performance testing, is related to a mass transport barrier within the electrode 
which is reduced once electrolysis occurs for a period long enough to increase the porosity of the 
electrode.  
 Figure 8.6: Durability test data for RSDT manufactured cathode deposited on Nafion membrane 
demonstrates long-term stability.
In addition to testing the performance of a
Nafion® substrate, an identical electrode
Toray paper (i.e., a GDE). This electrode was also
hardware and tested for durability as seen in Figure 8.6. The performance was ~100 mV better 
than the sample electrode applied directly to the N117 substrate
initial break-in period results in a drop
slightly over the 600 hrs operation to ~2.12 V (~0.07 mV/hr). 
As previously discussed, the increase in carbon supported electrode performance
due to better distribution of catalyst on the elec
created by the microstructure of the carbon
Nafion® binder. The RSDT GDE configuration operated at 
in Pt content compared to Proton
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efficiency can be maintained with significant catalyst reduction in production quality hardware 
using the RSDT deposition process.  
Previous durability testing reported by Debe et al. [228], under identical conditions, using 
3M’s nanostructured thin-films (NSTF) of PtCoMn and PtIr with loadings of 0.15 mgPGM/cm2 
showed a stable voltage of ~1.95 V at 1860 mA/cm2 over 3000 hrs. Results from Debe et al. 
were the outcome of over two dozen tests over a three-year period. With further RSDT process 
development and optimization of both GDL and membrane depositions a reduction of 50-65 mV 
is probable.   
8.2 Conclusions 
A deposition study using RSDT to apply Pt, Pt/Nafion®, Pt/Ebonex®, and Pt/Vulcan XC-72R 
onto N117 and Toray paper was completed. Bubble formation during H2 evolution warrants the 
use of a binder to hold the catalyst to the substrate. The amount of binder must be carefully 
controlled to avoid covering the active sites on the Pt catalyst. This work suggests that matching 
the binder content to the BET determined surface area would be a good guide for further 
electrode optimization. All combinations of catalyst with Nafion® as the binder remained intact 
after polarization. However, only the carbon support had sufficient surface area incorporate the 
0.98 wt.% Nafion® from the slurry into the electrode without causing very large ohmic 
resistances. Deposition of the Pt/Vulcan XC-72R onto Toray paper resulted in the best 
performance. This result is surprising considering that a portion of the deposition may get lodged 
deep in the paper and become inaccessible to the HER reaction. Future work should examine 
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optimization of process parameters onto the Toray paper and incorporation of a microporous 
layer.       
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SECTION V: 
CONCLUSIONS 
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In this work, the RSDT process was evaluated as a platform for Pt synthesis. The results of 
this study indicate that composition and chemistry of the fuel; proper mixing; and suitable 
equivalence ratios are crucial to generating a stable flame with an adequate temperature and 
residence time for nanoparticle formation. The oxidant flow rate is extremely important in 
determining the rate of combustion, location of decomposition, length of the flame zone, mixing 
characteristics, velocity and atomization. A faster reaction, due to increased mixing of the 
oxidant, at higher oxidant flow rates creates a less luminous and shorter flame. This effectively 
creates a more dense reaction zone. Based on the results of this study using an atomizing-burner 
with an O2 injector to fuel injector ratio of ~1400, a fuel flow rate of 4 mL/min with Pt-(acac)2 as 
the precursor, requires an O2 flow rate of 5-7 L/min to give the best mixing. In addition, the 
highest temperature is achieved closer to the atomizing-burner when the O2 flow rate is set 
between 5-7 L/min. This creates the conditions for a uniform nanoparticle formation pathway.  
In order to obtain this tight control of the Pt size the fuel must contain a sufficient enthalpy 
of combustion and appropriate propane content. The fuel must be mixed adequately to form a 
turbulent diffusion flame and must create conditions where unwanted Pt coarsening cannot 
occur. From this study the conditions that favor this morphology require an O2 flow rate setting 
of 6.89 L/min or higher, a propane content of 20 wt.%, and no quenching. However, a set of 
conditions that favors the formation of the very small particles (<3 nm), without the bimodal 
distribution, would be created by increasing the quench rate or moving the location of the quench 
closer toward the atomizing-burner.  
Pt was deposited onto three different support materials in the vapor phase using the RSDT 
process. The following observations highlight the important findings in this study: 
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1. Pt is assembled onto supports as dispersed and isolated centers roughly spherical in 
shape. The density and size distribution of the attached Pt is uniform and appears 
invariant to the support. The grids used for collection also contain Pt particles of the 
same size and distribution indicating that the Pt nucleation is not taking place directly 
onto the support. The use of supports with more acidic/basic groups would further 
strengthen this hypothesis. 
2. The average particle size is 2-2.5 nm when considering size in bright field mode, 
however STEM imaging mode reveals a large number count of particles < 1nm.  
3. The Pt is being deposited as a crystalline particle as evidenced by the crystallographic 
dependence of the adsorption/desorption of H+, X-ray diffraction, and electron 
diffraction. The support strongly affects the redox potentials for H+ 
adsorption/desorption.  
4. All supported Pt catalysts show activity for ORR however the ½ wave potentials are 
lower than state-of-the-art. We hypothesize that different electrode preparation on the 
glassy carbon RDE, a number of very small particles <1 nm, and residual organic 
residues from the process are factors influencing this discrepancy. 
5. The supported Vulcan XC-72 and TinO2n-1 show increasing ECSA up to about 300 
cycles and then lose approximately 10% by cycle 500. The ECSA values for the 
Vulcan XC-72R support are exceptional for 50 wt. % Pt while the TinO2n-1 values 
agree well with literature. The CRC exhibits continual loss in ECSA which accounts 
for 13% at 500 cycles.  
Observations from the study of bimetallic systems resulted in the following conclusions: 
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1. Thin crystalline films of IrxRu1-xO2-y and IrxPt1-xO2-y have been deposited by a 
proposed mechanism of ballistic nanoparticle accumulation; most particles (mass 
weighted) are 2-3 nm in diameter but a sizeable number are well below 5 Å.  
2. Initial film growth, due to the incoming particles, is concentrated in areas of previous 
particle adherence; this imparts an inherent microporosity as the film grows. 
3. Aggregation of nanoparticles appears to progress with increasing collection time (i.e., 
aggregation is absent in the shorter collection times) suggesting a short residence time 
in the flame and an attraction due to interaction with the surface particles.  
4. A sizeable portion of the Pt was not incorporated into the crystal structure of the 
desired IrxPt1-xO2-y and this explains the dissolution of the film during polarization; 
the difference in boiling/melting points are proposed as a reason for the lack of 
alloying.  
5. Ir and Ru form a solid solution of IrxRu1-xO2-y; the resultant film has remarkable 
activity toward oxygen evolution.  
Ballistic nanoparticle impingement is proposed as a hypothesis for the mechanism of film 
formation; a mechanism involving some fraction of film growth directly from the vapor phase 
cannot be ruled out. Electron microscopy suggests that the film formation begins from individual 
nanoparticles of 2.2-2.5 nm in diameter while the HAADF images, Figure 7.10, clearly show a 
preponderance of IrxRu1-xO2-y atoms in the early stages of coalescence. There is some evidence 
that the surface of the ‘as-deposited’ IrxRu1-xO2-y film is enriched in Ir, suggesting some form of 
surface segregation. A grazing incidence diffraction scan with concomitant XPS of both the 
unheated film and a film subjected to cyclic polarization would help to better understand this 
 261
observation. The broad and not very well defined peaks in cyclic voltammetry indicate a variety 
of Ru/Ir active sites with different formal potentials. The onset potential for oxygen evolution 
begins around 1.45 V and the current (25-40 mA/cm2) generated at 1.6 V is double those 
reported in the literature. Normalized to the mass of platinum group metal oxides the mass 
activity is 400 mA/mgmetal-oxide compared to values of 50-75 mA/mgmetal-oxide from literature 
values. This represents a significant improvement in performance over traditional film formation 
strategies (i.e., ink or vacuum based processes) and highlights a path forward in development of 
a flame based deposition method for the IrxRu1-xO2-y system. This work raises further questions 
about the relationship between film thickness and mass activity; durability; and process options 
available to optimally tailor the microstructure. Further work will also look at strategies for 
dispersing the catalyst directly onto a Nafion membrane for CCM manufacture. 
Work on developing electrodes for H2 evolution concluded that bubble formation during H2 
evolution warrants the use of a binder to hold the catalyst to the substrate. The amount of binder 
must be carefully controlled to avoid covering the active sites on the Pt catalyst. This work 
suggests that matching the binder content to the BET determined surface area would be a good 
guide for further electrode optimization. All combinations of catalyst with Nafion® as the binder 
remained intact after polarization. However, only the carbon support had sufficient surface area 
incorporate the 0.98 wt.% Nafion® from the slurry into the electrode without causing very large 
ohmic resistances. Deposition of the Pt/Vulcan XC-72R onto Toray paper resulted in the best 
performance. This result is surprising considering that a portion of the deposition may get lodged 
deep in the paper and become inaccessible to the HER reaction. Future work should examine 
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optimization of process parameters onto the Toray paper and incorporation of a microporous 
layer.       
 263
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SECTION VI: 
RECOMMENDATIONS  
FOR FUTURE WORK 
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In order to better understand the complex interactions between transport phenomena and 
nanoparticle formation in a co-injection turbulent-diffusion flame future work should employ a 
fully functional diagnostic system to non-invasively measure the flame field. Metrics such as 
temperature, velocity, and chemical species could then be correlated to process parameters and 
finally linked to the morphology of the resulting nanoparticles. The following spatially resolved 
profiles are key to understanding the entire process: 
1) 2D or preferably 3D thermal profile of an oxy-xylene-propane or oxy-acetone-xylene-
propane jet-diffusion flame (flame length ~15 cm and width 3-4 cm) 
2) Velocity distribution and liquid droplet size of two phase flow (propane-xylene or 
propane-xylene-acetone) exiting the atomizing portion of the nozzle prior to ignition 
3) Velocity distribution of ionized and non-ionized gases in the combustion zone up to the 
substrate 
4) Spatially resolved concentration map of pertinent active species in the flame (i.e., xylene, 
acetone, platinum, propane, O2, N2, H2O, CO) 
Thermophoretic sampling along the length of the flame field would enable understanding of 
the growth mechanisms of nanoparticles under varying process conditions. In addition, a better 
understanding of the mechanisms of film growth with high resolution TEM at early growth times 
on a variety of substrate types would be instructive. A better understanding of the diffusivity and 
coarsening of the crystalline and amorphous particles and after exposure to the process heat 
would also be informative. The following metrics (with corresponding technique) would enable a 
full evaluation of the process that could then feed into combustion and particle growth models:   
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• Temperature (SRS, filtered Rayleigh scattering (FRS), OES, laser induced fluorescence 
LIF) 
• Chemical species (SRS, LIF, optical emission spectroscopy OES) 
• Flow field velocity (particle image velocimetry PIV) 
• Composition (laser induced breakdown spectroscopy LIBS) 
• Crystallinity (Raman) 
• Size/Distribution (laser induced incandescence LII) 
 
Finally, more work should be done on understanding the geometry of the fuel/oxidant injector on 
mixing and on implementing a low-swirl injector into the process to prevent fouling of precursor 
at the fuel injector tip. The complex interplay between quench location, flow rate, crystallinity, 
and deposition efficiency should also be optimized as the deposition rate is extremely low in the 
current configuration (~5-10%). The geometries used in the process of outside vapor deposition 
such as depositing onto a curved substrate (e.g., wrapping a Nafion® sheet around an 
appropriately size round pipe) versus a flat substrate would increase the efficiency of deposition.  
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